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Foreword 

On  the  First  New  York  Academy  of  Sciences 
Conference  in  Japan 

It  is  said  that  the  New  York  Academy  of  Sciences  has  such  a  long  history  and 
authority  that  a  conference  published  as  an  Annals  of  the  Academy  is  referred  to  as 
a  “bible”  by  researchers  That  such  a  conference  could  be  held  in  Japan  serves  as  proof 
that  the  academic  level  of  the  life  sciences  in  japan  has  progressed  and  that  the  number 
of  Japanese  researchers  in  this  field  has  increased.  As  an  official  in  charge  of  the 
promotion  of  science  in  Japan,  1  am  quite  pleased  by  such  developments. 

Needless  to  say,  science  has  no  national  boundaries.  Scientific  truth  is  common 
property  to  all  mankind  and  should  be  shared  by  everybody.  It  is  also  true  that  for 
stimulating  academic  creativity  international  conferences  are  extremely  important,  as 
researchers  of  different  cultural  backgrounds  discuss  relevant  matters  and  challenge 
one  another  intellectually. 

Molecular  research  of  ion  channels  and  receptors  is  one  of  the  key  topics  in  under¬ 
standing  the  functions  of  living  organs  including  the  nervous  system.  This  field  has 
grown  in  importance  and  many  Japanese  researchers  arc  now  actively  involved  in 
related  studies.  The  late  Professor  Shosaku  Numa  of  Kyoto  University  contributed 
much  to  this  field.  Unfortunately,  he  passed  away  last  February.  Here,  1  would  like 
to  pay  my  respects  to  Professor  Numa,  and  express  my  hope  that  many  youngjapanese 
researchers  will  follow  in  his  footsteps  and  continue  research  in  this  field 

To  our  panicipants  from  abroad,  I  welcome  you  to  Japan.  Please  make  the  most 
of  this  occasion  to  understand  even  a  fragment  of  our  culture  and  society  I  heartilv 
hope  your  stay  in  Japan  will  be  comfortable  and  fruitful. 

Last  but  not  least,  I  would  like  to  express  my  gratitude  for  the  strenuous  efforts 
of  those  people  who  have  made  this  conference  possible,  and  1  sincerely  hope  the 
conference  bears  much  fruit  and  contributes  to  scientific  development. 

Yoshikazu  Hasf.gawa 
Director-General 

Science  and  International  Affairs  Bureau 
Ministry  of  Education.  Science  and 
Culture  of  Japan 
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This  volume  contains  the  proceedings  of  the  first  conference  of  the  New  York 
Academy  of  Sciences  to  be  held  in  Japan.  This  conference  took  place  at  the  Ibuka 
Memorial  Hall  of  Waseda  University,  one  of  the  oldest  universities  in  Tokyo,  and 
was  organized  in  part  by  a  group  of  researchers  who  were  supponed  by  the  Grant-in-Aid 
(No.  03225102)  for  Scientific  Research  in  the  Priority  Area  of  “Impulse  signaling,” 
from  the  Japanese  Ministry  of  Education,  Science  and  Culture. 

The  aim  of  the  conference  was  to  summarize  recent  advances  in  our  understanding 
of  signal  transduction,  from  the  receptors  and  effectors,  in  this  case  the  various  ion 
channels  of  neurons,  smooth  or  striated  mu.scle  cells,  endocrine  cells  and  other  tissues 
The  250  participants  exposed  to  the  latest  work  on  structure-function  relationships 
of  voltage-dependent  Na*,  Ca^‘,  K*  and  Cl’  channels,  ligand-gated  channels,  cGMP- 
gated  channels,  intracellular  Ca^’  channels  such  as  inositol- 1 ,4,5-tri.sphosphate  and 
ryanodine  receptors,  and  muscarinic  and  ^utamate  receptors.  The  presentations  also 
encompassed  diseases  causally  linked  to  altered  ion  channels  and  receptors,  for  example 
muscular  dystrophy  (linked  to  the  nifedipine-binding  Ca^‘  channel),  cystic  fibrosis 
(Cl’  channel),  malignant  hypenhermia (ryanodine-sensitive  Ca’ ‘-release  channel),  and 
hyperkalemic  periodic  paralysis  (Na‘  channel).  In  addition,  the  characteristics  of  ion 
channels  and  transmitter  receptors  that  underlie  their  roles  in  processes  as  diverse  as 
membrane  excitability,  memory  process,  mind,  muscle  contraction,  secretion,  and 
gene  expression  were  also  discussed.  It  is  our  hope  that  this  volume,  which  presents 
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the  golden  fruits  of  the  application  of  molecular  biological  techniques  to  the  study  of 
membrane  proteins  and  of  signal  transduaion  pathways  will  provide  a  valuable  resource 
in  which  readers  may  find  clues  to  problems  as  lofty  as  the  decoding  of  higher  brain 
function. 

The  rapid  developments  in  biomedical  research  during  the  past  1 5  years  have 
brought  major  advances  in  ligand  binding  techniques  for  monitoring  receptor  sites, 
and  in  biophysical  techniques  and  gene  engineering  for  evaluating  structure/function 
relationships  of  receptors  of  ion  channels.  The  invention  of  the  patch-clamp  technique 
by  Profs.  E.  Neher  and  B.  Sakmann,  for  which  they  were  awarded  the  1991  Nobel 
Prize,  was  revolutionary  not  merely  in  the  narrow  field  of  classical  electrophysiology 
but  also  in  practically  every  branch  of  medical  and  biological  science.  Their  technique 
made  ptossible  detailed  observations  of  the  behavior  of  single  molecules,  in  the  form 
of  ion  currents  in  their  natural  environment  and  in  real  time,  a  remarkable  achievement. 
The  subsequent  cloning  and  sequencing  of  the  DNAs  and  hence  determination  of  the 
primary  sequence  of  amino  acids  in  ion  channel  molecules  has  likewise  had  an  enormous 
impact  on  the  way  we  view  single  ion  channels. 

The  molecular  constituents  of  ion  channels  and  of  receptor/ion  channel  complexes 
were  first  Identified  by  the  protein  purification  techniques  of  Prof.  Jean  Pierre-Changeux 
of  the  Pasteur  Institute  and  Prof.  William  Catterall  of  Washington  University 
Changeux  began  the  characterization  of  the  nicotinic  acetylcholine  receptor  a  long 
time  ago  in  connection  with  his  and  J.  Monod’s  examination  of  allosteric  interactions 
in  protein  molecules.  Catterall’s  interest  in  Na*  ion  channels  dates  back  to  his  study 
of  neuroblastoma  cell  lines  when  he  was  in  Marshall  Nirenberg’s  laboratory  at  NIH. 
Subsequently,  based  on  the  information  gathered  from  these  purified  proteins.  Prof. 
Shosaku  Numa  of  Kyoto  University  and  his  colleagues  succeeded  in  isolating  and 
expressing  complementary  DNAs  coding  for  nicotinic  ACh  receptors  and  for  Na' 
ion  channels. 

Numa’s  crystal  clear  studies  have  since  then  been  extended  to  many  other  channels 
and  receptors.  Numa  was  successful  in  isolating  cDNA  clones  for  nifedipine-binding 
Ca^'  ion  channels,  ryanodine-binding  Ca* ‘-release  channels,  cyclic  nucleotide-gated 
cation  channels,  and  muscarinic  acetylcholine  receptors.  Figure  1  is  taken  from  his 
Harvey  Lecture  at  the  Rockefeller  University  in  1989'  and  his  Rita  Levi-Montalcini 
Lecture  at  Georgetown  University  in  1991.^  Figure  1  shows  schematically  the  two- 
dimensional  topology  of  ion  channel  molecules  and  of  GTP  binding  protein-coupled 
receptors  in  lipid  bilayers.  This  volume  covers  mainly  the  molecules  illustrated  in 
Figure  1 .  Additional  topics  covered  at  the  conference  are  various  Cl  ion  channels 
and  the  ion  channel-related  diseases. 

Although  we  initially  planned  this  symposium  to  honor  Numa’s  seminal  contribu¬ 
tions  towards  our  understanding  of  muscle  and  brain  at  the  molecular  biological  level 
and  to  celebrate  his  retirement  at  the  age  of  6 }  from  his  position  as  the  chairman  of  the 
Departments  of  Medical  Chemistry  and  Molecular  Genetics  in  the  Kyoto  University 
Faculty  of  Medicine,  sadly  he  passed  away  on  February  15,1 992  (one  month  before 
his  planned  retirement)  after  battling  colon  cancer  for  nearly  three  years. 

Therefore,  this  symposium  and  the  resulting  Annals  provide  a  fitting  tribute  to  his 
memory.  Further  information  on  the  late  Shosaku  Numa  can  be  found  in  his  obituary  ' 

Figure  2  shows  Shosaku  Numa  relaxing  at  Cold  Spring  Harbor,  New  York,  in 
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I  Voltage-gated  channels 


II  Neurotransmitter-gated  channels 


III  Intracellular  channels 


IV  Cyclic  nucleotide-gated  channels 


V  G-protein-coupled  receptors 


FIGURE  1.  Schematic  representations  of  members  of  Hve  different  families  of  neurotransmittcr 
receptors  and  ion  channels  Modified  from  Niima  ' 


the  summer  of  1988  where  he.  Prof.  David  A.  Brown  of  L’niversit\'  College  London, 
and  Haruhiro  Higishida  all  attended  a  symposium  on  .signal  transduction.' '  Probahh’. 
this  was  the  last  time  that  he  was  in  good  health  because  at  the  end  of  1988  his  he;ilth 
began  to  deteriorate. 

We  would  like  to  acknowledge  the  advice  and  encouragement  of  Professor  Lmeritus 
Setsuro  Ebashi  of  the  University  of  Tokyo,  Prof.  David  Ciadsby  of  The  Rockefeller 
University,  and  Prof,  Olaf  Andersen  of  Cornell  University  Mediciil  College.  W’e  greatlv 
appreciate  the  efficient  organizational  and  editorial  work  by  staff  of  the  New  \  ork 
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FIGURE  2.  A  snapshot  taken  at  Cold  Spring  Harbor,  New  York  in  1 988  From  left.  H  Higashida. 
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Preface 


SETSURO  EBASHI 

National  Institute  for  Physiological  Sciences 
Okazaki,  Aicbi  444  Japan 


This  symposium  is  dedicated  to  the  memory  of  the  late  Professor  Shosaku  Numa, 
who  not  only  pioneered  the  field  expressed  by  the  title  of  this  symposium,  but  whose 
accomplishments  represent  the  most  imponant  part  of  that  field. 

I  became  acquainted  with  him  when  he  was  working  with  the  late  Professor  F. 
Lynen  in  Munich  early  in  1 960.  At  that  time,  I  was  in  a  state  of  excitement  becau.se 
of  the  success  I  had  achieved  in  the  exploration  of  the  role  of  Ca’  *  in  muscle  contraction. 
This  helped  me  to  overcome  my  initial  hesitation  in  making  a  new  friend. 

Thereafter  I  always  found  him  gentle,  polite,  and  cooperative— a  man  who  spoke 
and  acted  with  sincerity  and  honesty.  To  me  he  was  a  person  very  different  from  the 
“iron  man”  that  some  perceived  in  his  last  years.  1  do  not  deny  that  his  incredible 
effort  to  advance  scientific  knowledge  was  motivated  by  his  strong  competitive  mind 
and  his  zeal  for  victory.  But  he  was  a  devoted  missionary  of  a  religion  called  “science." 

I  am  an  old-timer  and  am  ignorant  about  the  recent  findings  concerning  channels 
and  receptors  that  underlie  the  signal  transduction  across  the  membrane.  Therefore  1 
am  not  really  qualified  to  offer  introductory  remarks  at  the  beginning  of  this  memorable 
symposium.  What  I  can  do  is  give  a  bit  of  a  historical  overview  of  chemical  transmitter 
research.  Since  this  is  the  first  time  that  the  New  York  Academy  of  Sciences  has  held 
a  meeting  in  Japan,  it  may  not  be  unreasonable  if  my  talk  places  emphasis  on  the 
accomplishments  of  Japanese  scientists. 

The  most  well-known  work  accomplished  in  early  days  by  a  Japanese  was  the 
chemical  identification  of  adrenaline  by  Jokichi  Takamine  in  1901.  Takamine's  finding 
was  made  at  a  panicularly  good  time.  Despite  the  fact  that  he  conducted  his  research 
in  the  United  States,  English  researchers  immediately  took  up  adrenaline  as  the  core  of 
the  chemical  transmission  concept.  Prior  to  Takamine’s  work,  J.  J.  Abel,  a  distinguished 
American  chemical  physiologist,  had  isolated  a  substance  he  called  epinephrine  in 
1898.  Unfortunately,  it  was  not  epinephrine  but  still  conjugated  with  benzoic  acid. 

J.  N.  Langley  was  the  key  person  at  the  dawn  of  chemical  transmitter  theory.  He 
became  aware  of  similarities  between  the  effect  of  the  extract  of  adrenal  gland,  now 
identified  as  adrenaline,  and  sympathetic  stimulation,  thus  approaching  the  concept 
of  chemical  transmission.  Subsequently,  J.  R.  Elliott  in  1904  proposed  that  adrenaline 
was  the  transmitter  of  sympathetic  nerves.  In  1921,  Langley  wrote  “Autonomic  Ner¬ 
vous  System,”  in  which  he  set  forth  the  magnificant  view  of  this  system -essentialU' 
the  same  view  we  embrace  today. 

As  is  well  known,  the  role  of  acetylcholine  in  the  neuromuscular  junction  of  skeletal 
muscle  was  finally  established  by  Dale  and  his  colleagues  in  1936,  but  prior  to  that 
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a  farsighted  view  was  presented  by  W.  R.  Hess  in  Zurich  in  1923,  and  by  Kenmatsu 
Shimizu,  working  in  Hess’  laboratory  in  1926.  A  large  part  of  the  work  subsequently 
reported  by  Dale  et  al.  in  19  36  was  described  in  Shimizu's  earlier  paper,  though  the 
latter  was  somewhat  more  preliminary.  However,  Shimizu  became  a  clinician  and 
never  returned  to  the  laboratory  after  returning  to  Japan. 

There  are  a  few  scientific  anedcotes  related  to  acetylcholine  worthy  of  mention. 
Even  after  Dale  received  the  Nobel  Prize  in  1937,  there  were  quite  a  few  physiologists 
who  did  not  accept  the  role  of  acetylcholine  at  the  neuromuscular  junction,  but 
insisted  on  the  electrical  transmission  theory.  This  situation  continued  until  the  elegant 
electrophysiological  work  of  P.  Fatt  and  B.  Katz  in  19.^1.  It  seems  to  me  some 
symbolism  could  be  found  in  this  story  in  the  difference  between  a  chemical  and  a 
physical  approach,  or  between  a  biochemical  and  a  physiological  mind  set.  In  this 
particular  case  the  former  won,  but  this  might  not  be  a  general  principle. 

Another  instance  was  the  work  of  E.  M.  Keil  and  E.  J.  M.  Sichel  in  1936.  They 
showed  that  a  vigorous  contraction  of  a  frog  skeletal  muscle  fiber  could  be  induced 
by  application  of  a  minute  amount  of  acetylcholine  on  its  outer  surface,  but  no  response 
at  all  occurred  when  even  an  enormous  amount  of  acetylcholine  was  injected  into 
the  interior  of  the  muscle  cell  by  a  micropipette.  This  was  the  first  indication  of  the 
position  of  a  receptor  in  the  process  of  signal  transduction  across  the  membrane, 
Sichel,  a  unique  biologist  with  an  original  mind,  described  his  remarkable  findings 
only  in  brief  abstracts  and  did  not  publish  any  regular  papers. 

The  works  of  the  Japanese  referred  to  above  were  carried  out  in  laboratories  outside 
Japan,  but  work  on  glutamate  and  GABA  were  entirely  domestic  efforts. 

The  excitatory  effect  of  glutamate  and  the  inhibitory  effect  of  GABA  on  the  brain 
were  first  noted  by  Takashi  Hayashi  in  1954  and  1956,  respectively.  His  observations 
with  glutamate  preceded  those  of  other  researchers  and  his  findings  with  GABA 
coincided  with  observations  by  K.  Florey’s  group. 

Frankly  speaking,  however,  his  experiments  were  not  refined  from  the  viewpoint 
of  modern  science,  so  some  people  hesitated  to  accept  him  as  a  true  pioneer.  He  was 
also  a  famous  mystery  writer,  and  this  did  not  add  to  his  reputation,  but  detracted 
from  it.  Nevertheless,  his  foresight  in  sensing  two  important  neurotransmitters  is  really 
deserving  of  higher  evaluation  —  perhaps  we  have  been  unfair  to  him. 

Since  1960,  there  have  been  many  Japanese  who  have  greatly  contributed  to  the 
neurotransmitter  research,  but  since  they  carried  out  their  research  in  the  international 
arena,  I  shall  not  enumerate  them  here. 

As  we  shall  see  in  this  symposium,  the  revolutionary  progress  of  cell  and  molecular 
biology  has  revealed  fundamental  molecular  processes  common  to  various  kinds  of 
cells,  irrespective  of  their  origin.  Our  new  task  is  to  apply  this  fundamental  knowledge 
to  our  understanding  of  organs  and  tissues. 


Structure  and  Modulation  of 
Na"*"  and  Ca^'*’  Channels 

WILLIAM  A.  CATLERALL 

Department  of  Pharmacology,  SJ-SO 
School  of  Medicine 
University  of  Washington 
Seattle,  Washington  9819S 

INTRODUCTION 

The  voltage-sensitive  sodium  channel  is  responsible  for  the  increase  in  sodium 
permeability  during  the  initial  rapidly  rising  phase  of  the  action  potential  in  neurons. 
Upon  depolarization,  sodium  permeability  first  increases  dramatically  and  then  after 
approximately  one  millisecond  decreases  to  the  baseline  level.  This  biphasic  behavior 
is  described  in  terms  of  two  experimentally  separable  processes  that  control  sodium 
channel  function:  activation,  which  controls  the  rate  and  voltage  dependence  of  sodium 
permeability  increase  after  depolarization,  and  inactivation,  which  controls  the  rate 
and  voltage  dependence  of  the  subsequent  return  of  sodium  permeability  to  the  resting 
level  during  a  maintained  depolarization.  The  sodium  channel  can  therefore  exist  in 
three  functionally  distinct  states  or  groups  of  states:  resting,  active,  and  inactivated 
Both  resting  and  inactivated  states  are  nonconducting,  but  channels  that  have  been 
inactivated  by  prolonged  depolarization  arc  refractory  unless  the  cell  is  repolarized  to 
allow  them  to  return  to  the  resting  state. 

Depolarization  of  neurons  by  the  sodium  current  activates  voltage-gated  calcium 
channels.  CtJcium  ions  moving  into  the  cell  cause  a  plateau  depolarization  prolonging 
rhe  action  potential  and  serve  as  an  intracellular  .second  messenger  to  initiate  exocnosis 
of  neurotransmitters  and  intracellular  biochemical  events  including  protein  phosphon,'- 
lation  and  gene  expression.  This  chapter  reviews  some  of  the  basic  structural  features 
of  sodium  and  calcium  channels  using  the  sodium  channel  from  rat  brain  and  the 
L-type  calcium  channel  from  rabbit  skeletal  muscle  as  primary  examples  and  focuses 
on  recent  advances  on  two  aspects  of  the  cell  and  molecular  biology  of  the  sodium 
channels  that  may  be  critical  determinants  of  neuronal  excitability:  the  molecular 
mechanism  of  sodium  channel  inactivation  and  mechanisms  of  modulation  of  sodium 
channel  function  by  protein  phosphorylation. 

ION  CHANNEL  SUBUNITS 

Structures  of  Sodium  Channel  Subunits 

The  purified  sodium  channel  from  rat  brain  consists  of  three  polypeptides:  a  of 
260  kD,  (Jl  of  36  kD,  and  32  of  3  3  kD  (Fig.  1).'  The  32  subunit  is  covalently 
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FIGURE  I .  Subunu  structure  of  the  brain  sodium  channel  A  vicss  o(’a  cross  section  ol’a  hvpothctical 
sodium  channel  consisting  of  a  single  transmembrane  a  subunit  of  260  IcD  in  association  ssith  a  (51 
subunit  ot  56  kD  and  a  (52  subunit  of  5  5  kD  I  he  (5 1  subunit  is  associated  noncocalcntls  sshilc  the 
32  subunit  is  linked  through  disulfide  bonds  All  three  subunits  are  heasilv  givcosviated  on  their 
extracellular  surfaces  and  the  0  subunit  has  receptor  sites  for  a-scorpion  toxins  (ScTv)  and  tetrodotoxin 
(TlX)  I  he  intracellular  surface  of  the  a  subunit  is  phosphorelated  bv  multiple  protein  kinases  iP) 


attached  to  the  a  subunit  by  disulfide  bonds  while  the  P 1  subunit  is  associated  noncos  a- 
lently.  7  he  subunits  are  present  in  a  111  stoichiometry  and  the  sum  of  their  molecular 
weights  ( 3  2  9 ,000)  agrees  closely  with  the  oligomeric  molecular  w  eight  of  the  solubilized 
sodium  channel.  Antibodies  against  either  the  pl  or  P2  subunits  immunoprecipitate 
nearly  all  brain  sodium  channels  indicating  that  they  all  have  a  heterotnmenc  struc¬ 
ture.’  '  Sodium  channels  from  eel  electroplax  contain  only  a  single  a  subunit  while 
sodium  channels  from  rat  skeletal  muscle  have  a  and  Pl  subunits.'  Reagents  dcrised 
from  studies  of  purified  sodium  channels  led  directls  to  cloning  of  their  genes  ' 

Identification  of  thegenesencodingthe  sodium  channel  subunits  and  thedetermina- 
tion  of  their  primary  structures  by  Professor  Shosaku  Numa  and  his  colleagues  in 
1 984,  was  a  major  advance  in  studies  of  the  molecular  propenies  of  the  voltage-gated 
ion  channels.  Oligonucleotides  encoding  shon  segments  of  the  electric  eel  electroplax 
sodium  channel  and  the  antibodies  directed  against  it  were  used  to  isolate  cDNAs 
encoding  the  entire  polypeptide  from  expression  libraries  of  electroplax  mRNA/  I'he 
deduced  amino  acid  sequence  revealed  a  protein  with  four  internalK  homologous 
domains,  each  containing  multiple  potential  alpha-helical  transmembrane  scgiients 
(Fig.  2).  The  wealth  of  information  contained  in  this  deduced  primary  structure  has 
revolutionized  research  on  voltage-gated  ion  channels. 

T  he  cDNAs  encoding  the  electroplax  sodium  channel  were  used  to  isolate  cDN  As 
encoding  three  distinct,  but  highly  homologous,  rat  brain  sodium  channels  (T  \  pes  1, 
II,  and  III''’).  cDNAs  encoding  the  alternatively  spliced  T  ype  llA  sodium  channel 
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were  isolated  independently  bv  screening  expression  libraries  with  antibodies  agaiuM 
the  rat  brain  sodium  channel  a  subunit.  '  These  sodium  channels  have  a  close  structural 
relationship.  In  general,  the  similarity  in  amino  acid  sequence  is  greatest  in  the  homolo¬ 
gous  domains  from  transmembrane  segment  SI  through  S6  while  the  intracellular 
connecting  loops  arc  not  highly  conserved. 

The  primary  structures  of  sodium  channel  (i  1  suhunits  have  been  determined  only 
recently  The  P I  subunit  cloned  from  rat  brain  is  a  small  protein  of  2  1 8  ammo  acids 
(22,82  1  daltons)  with  a  substantial  extracellular  domain  having  four  potential  sites  of 
N-linked  giycosylation,  a  single  alpha-helical  membrane-spanning  segment,  and  a  very 
small  intracellular  domain  (Fig.  2).  Distinct  Pl  subunits  may  form  specific  associations 
with  different  a  subunits  and  contribute  to  the  diversity  of  sodium  channel  structure 
and  function.  Beta-2  subunits  have  not  yet  been  cloned,  but  it  mav  be  anticipated 
that  they  also  add  to  the  potential  diversity  of  sodium  channel  structure  and  function 

Functional  Expression  of  Sodium  Channel  Subunits 

Alpha  subunit  mRNAs  isolated  from  rat  brain  by  specific  hybrid  selection  with 
Type  IIA  cDNAs  and  RNAs  transcribed  from  cloned  cDNAs  encoding  a  subunits 
of  rat  brain  sodium  channels  '■  are  sufficient  to  direct  the  synthesis  of  functional 
sodium  channels  when  injected  into  Xenopus  oocytes.  These  results  establish  that  the 
protein  structures  necessary  for  voltage-dependent  gating  and  ion  conductance  are 
contained  within  the  a  subunit  itself 

Although  a  subunits  alone  are  sufficient  to  encode  functional  sodium  channels, 
their  properties  are  not  normal.  Inactivation  is  slow  relative  to  that  observed  in  intact 
neurons  and  its  voltage  dependence  is  shifted  to  more  positive  membrane  potentials. 
Co-expression  of  low  molecular  weight  RNA  from  brain  can  accelerate  inactivation, 
shift  its  voltage  dependence  to  more  negative  membrane  potentials,  and  increase  the 
level  of  expressed  sodium  current.  “  These  results  suggested  that  the  loss  molecular 
weight  pi  and  P2  subunits  may  modulate  functional  expression  of  the  a  subunit 
Co-expression  of  RNA  transcribed  from  cloned  Pl  suhunits  directly  demonstrates  this 
modulation  Co-expression  of  Pl  subunits  in  Xenopus  oocytes  accelerates  the  decay 
of  the  sodium  current  fivefold,  shiftsthe  voltage  dependence  of  sodium  channel  inactisa- 
tion  20  mV  in  the  negative  direction,  and  increases  the  level  of  sodium  current  2  .^-told 
Evidently.  P 1  subunits  are  essential  for  normal  functional  expression  ot  rat  brain 
sodium  channels 

Sodium  channel  a  subunits  can  tilso  be  functionally  expressed  in  mammalian  cells 
in  culture  Stable  lines  of  Chinese  hamster  ovary  (CTIO)  cells  expressing  the  1  ype 
IIA  sodium  channel  generate  sodium  currents  with  normal  time  course  and  voltage 
dependence,  even  though  there  is  no  evidence  that  these  cells  express  an  endogenous 
P I  subunit  to  form  a  complex  with  the  transfected  a  subunit  T  Evidentlv.  P 1  subunits 
do  not  have  as  important  a  functional  impact  when  the  a  subunit  is  expressed  in  the 
genetic  background  of  a  mammalian  somatic  cell 

The  a  subunits  expressed  in  CHO  cells  have  normal  pharmacological  properties  .is 
well.  They  have  high  affinity  receptor  sites  for  saxitoxin  and  tetrodotoxin  imd  are  inhibited 
by  low  concentrations  of  tetrodotoxin."  '■  Ifie  voltage  dependence  ot  their  activation  is 
shifted  in  the  negative  direction  and  they  are  persistently  activated  b\  veratridinc  in  a 
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stimulus-dependent  manner."  Their  inaaivation  Ls  slowed  by  a-scorpion  toxins."  In 
addition,  they  are  inhibited  in  a  strongly  frequency-  and  voltage-dependent  manner 
by  local  anesthetic,  antiarrhythmic,  and  anticonvulsant  drugs."  Thus,  the  receptor 
sites  for  all  of  these  diverse  pharmacological  agents  are  located  on  the  a  subunits. 


L-type  Calcium  Channels 

Four  physiological  classes  of  voltage-gated  calcium  channels  have  been  defined 
based  on  electrophysiological  and  pharmacological  properties.''’  Members  of  all  four 
physiological  classes  of  calcium  channels  are  expressed  in  neurons.  L-type,  dihydropyri¬ 
dine-sensitive  calcium  channels  mediate  long-lasting  calcium  currents  and  are  the  most 
abundant  calcium  channels  in  muscle  tissues  where  they  initiate  excitation-contraction 
coupling.  The  major  form  of  the  skeletal  muscle  L-type  calcium  channel  is  a  complex 
of  five  subunits"'":  al  (165-190  kD),  a2  (143  kb),  3  (55  kD),  y  (30  kD).  and  5 
(24-27  kD).  The  al  subunit  alone  can  function  as  a  voltage-gated  ion  channel  when 
expressed  in  Xenopus  oocytes^"  or  mammalian  cells.-'  The  cDNA  sequence  of  the  a  1 
subunit  predicts  a  protein  of  1,873  amino  acids,  whose  structure  is  similar  to  the 
sodium  channel  a  subunit.’^  Two  size  forms  of  this  subunit  are  present  in  skeletal 
muscle:  a  major  form  of  about  1,700  amino  acids  (190  kD)  and  a  full-length  form 
of  212  kD."  "^ 

The  dihydropyridine-sensitive  L-type  calcium  channels  from  brain  are  multisubunit 
complexes  that  include  al,  a28,  and  3  subunits  analogous  to  the  skeletal  muscle 
L-type  Ca  channel.-'  Monoclonal  antibody  MANCI  against  the  a28  subunits  immu- 
noprecipitates  up  to  82%  of  dihydropyridine-sensitive  L-type  calcium  channels  from 
different  brain  regions.^  '  Molecular  cloning  experiments  show  that  rat  brain  expresses 
at  least  four  major  classes  of  Ca  channel  al  subunit  (designated  rbA.  rbB,  rbC.  and 
rbD").  The  rbC  and  rbD  isoforms  are  most  closely  related  to  DHP-sensitive  Ca 
channels  from  various  tissues,  are  specifically  labeled  by  dihydropyridines,-*  and  direct 
the  synthesis  of  functional  dihydropyridine-sensitive  calcium  channels  when  expressed 
in  heterologous  cells,"  indicating  that  the  brain  expresses  two  distinct  forms  of  l.-tvpc 
Ca  channel. 


N-type  Calcium  Channels 

N-type  Ca  channels  are  distinct  in  that  they  have  only  been  described  in  neurons 
and  arc  blocked  by  the  peptide  neurotoxin,  0>-conotoxin  GVIA  (w-Cg'Lx"’ ")  The 
pre.sence  of  (O-CgTx-sensitive  calcium  channels  at  the  neuromuscular  junction  and 
the  correlation  between  co-CgTx-sensitive  N-type  Ca  channels  and  the  sensitivity  of 
neurotransmitter  release  to  (0-CgT x' ’  his  led  to  the  proposal  that  N-t  vpe  Ca  channels 
are  concentrated  at  presynaptic  nerve  termini  and  that  they  play  a  major  role  in 
mediating  chemical  synaptic  transmission.  Omega-CgTx-sensitive  N-type  Cia  channels 
are  a  target  for  modulation  by  neurotran.smitters  and  neuropeptides.”  Lhc  co-f'.gl  x- 
.sensitive  calcium  channels  purified  from  brain  contain  subunits  analogous  to  those 
of  neuronal  L-type  calcium  channels:  al,  a26,  and  3"'  "*  Ihey  are  substrates  for 
phosphorylation  by  cAMP-dependent  protein  kinase  and  protein  kinise  C.' 
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Recent  work  has  led  to  molecular  cloning  of  a  gene  encoding  a  (O-CgTx-sensitive 
calcium  channel  and  determination  of  the  primary  structure  of  this  protein.’"  ■*"  In 
contrast  to  the  rbC  and  rbD  calcium  channels,  the  rbA  and  rbB  isoforms  are  only 
moderately  related  to  L-type  Ca  channels  and  are,  therefore,  of  particular  interest 
with  respect  to  identifying  Ca  channels  that  mediate  specific  functions  in  neurons 
The  rbB  gene  encodes  a  calcium  channel  al  subunit  of  2,3  36  amino  acid  residues. 
Anti-peptide  antibodies  directed  against  a  unique  sequence  in  this  a  I  suhumt  immuno- 
precipitate  CO-CgTx-labeled  N-type  calcium  channels  specifically,  identifying  the  pro¬ 
tein  product  of  this  gene  as  an  N-type  calcium  channel  .^*  Its  ion  conductance  activity 
is  blocked  by  (0-Cg-Tx  when  expressed  in  mammalian  cells.'*”  CNB 1  antibodies  immu- 
noprecipitated  up  to  50%  of  the  total  N-type  calcium  channels  labeled  with  |'”I]co- 
CgTx.  These  results  suggest  that  there  may  be  multiple  subtypes  of  (O-conotoxin- 
sensitive  N-type  calcium  channels  that  are  differentially  recognized  by  this  antibody. 
Immunoblotting  with  CNBl  revealed  proteins  of  210  and  240  kD  that  precisely 
co-migrated  with  (O-conotoxin-binding  activity  on  sucrose  gradient  sedimentation.”* 
These  two  size  forms  of  the  al  subunit  of  an  N-type  calcium  channel  may  reflect 
differential  posttranscriptional  or  posttranslational  processing  of  the  carboxyl  terminal 
region  as  has  been  described  for  the  al  subunit  of  skeletal  muscle  calcium  channels. 

STRUCTURE  AND  FUNCTION  OF  ION  CHANNELS; 

THE  SODIUM  CHANNEL  AS  AN  EXAMPLE 

A  Functional  Map  of  the  Sodium  Channel  Alpha  Subunits 

A  major  goal  of  current  research  on  the  voltage-gated  ion  channels  is  to  define 
the  structural  components  responsible  for  specific  aspeas  of  channel  function.  Two 
main  experimental  approaches  have  proven  valuable  in  these  studies.  Antibodies  against 
short,  approximately  20-residue  peptide  segments  of  the  principal  a  subunits  of  the 
sodium  channels  have  been  used  to  probe  domains  that  are  required  for  specific  channel 
functions  or  that  can  be  covalently  labeled  by  neurotoxins  or  protein  phosphorylation. 
Mutations  have  been  introduced  into  cDNAs  encoding  the  principal  a  subunits  by 
oligonucleotide-directed  mutagenesis,  expressed  in  recipient  cells,  and  analyzed  by 
electrophysiological  recording.  Work  applying  these  methods  to  sodium  channels  is 
described  below. 


Voltage-dependent  Acdvation 

The  steep  voltage  dependence  of  activation  of  the  voltage-sensitive  ion  channels 
is  their  unique  charaaeristic.  It  requires  that  they  have  charged  amino  acid  residues 
or  strongly  oriented  dipoles  within  the  membrane  electric  field  of  the  phospholipid 
bilayer.'"  The  movement  of  these  gating  charges  or  voltage  sensors  under  the  force 
of  the  electric  field  is  believed  to  initiate  a  conformational  change  in  the  channel 
protein  re.sulting  in  activation.  The  requirement  for  transmembrane  movement  of 
multiple  charges  during  Na*  channel  activation  has  focused  attention  on  the  S4  seg¬ 
ments  of  the  voltage-sensitive  ion  channels,  which  are  both  positively  charged  and 
hydrophobic.  These  unique  structures,  consisting  of  repeated  motifs  of  a  positively 
charged  amino  acid  residue,  usually  arginine,  followed  by  two  hydrophobic  residues. 
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were  first  noted  in  the  amino  acid  sequence  of  the  electroplax  Na*  channel. ''  Conserva¬ 
tion  of  this  amino  acid  sequence  among  different  voltage-sensitive  ion  channels,  first 
noted  for  Na*  channels  from  electroplax  and  brain,  is  striking  across  this  broad  range 
of  ion  channels  from  diverse  species. 

Several  authors  have  independently  proposed  that  these  S4  segments  have  a  trans¬ 
membrane  orientation  and  are  the  gating  charges  or  voltage  sensors  of  the  Na' 
channel.'  '  Direct  experimental  support  for  designation  of  the  S4  segments  as  the 
voltage  sensors  for  activation  of  the  voltage-gated  ion  channels  has  been  provided  by 
site-directed  mutagenesis  experiments  on  both  Na*  channels'*  '''  and  K*  channels.'*' 
Neutralization  of  one  to  three  positively  charged  amino  acid  residues  in  the  S4  segments 
causes  a  progressive  reduction  in  the  steepness  of  the  voltage-dependent  ictivation  of 
sodium  channels  as  expected  if  these  positively  charged  amino  acid  residues  serve  as 
gating  charges.  The  effect  of  neutralization  of  different  charged  residues  is  not  equiva¬ 
lent,  indicating  that  they  do  not  all  move  through  a  comparable  fraction  of  the  mem¬ 
brane  electric  field.  Since  the  electric  field  is  not  expected  to  be  strictly  uniform  through 
the  membrane,  the  relative  distance  moved  by  the  gating  charges  cannot  be  directly 
inferred  from  the  fraction  ol  the  field  through  which  they  move  so  this  value  cannot 
be  used  to  define  a  detailed  molecular  mechanism. 

If  the  S4  helices  must  move  through  the  protein  structure  of  the  sodium  channel 
as  the  channel  activates,  the  size  and  shape  of  tbe  amino  acid  side  chains  might  affect 
the  voltage  dependence  of  gating  making  it  easier  or  more  difficult  for  the  gating 
segments  to  move.  In  fact,  mutation  of  a  hydrophobic  residue  in  an  S4  segment  from 
leucine  to  phenylalanine  causes  a  20  mV  shift  in  the  voltage  dependence  of  gating  to 
more  positive  membrane  potentials.”  Moreover,  mutation  of  positively  charged  amino 
acid  residues  in  S4  helices  from  arginine  ro  ly.sine.  which  retains  positive  charge,  can 
cause  a  large  shift  in  the  voltage  dependence  of  channel  activation,  and  the  shifts  in 
voltage  dependence  of  activation  caused  by  mutation  of  arginine  residues  to  uncharged 
glutamine  residues  are  not  exactly  correlated  with  the  number  of  charges  neutralized, 
suggesting  that  size  and  shape  of  the  residues  may  also  be  important.''  Overall,  these 
mutational  analyses  provide  strong  evidence  that  the  S4  segments  are  indeed  the  voltage 
sensors  of  the  voltage-gated  ion  channels. 


Tbe  Transmembrane  Pore 

Tetrodotoxin  inhibits  sodium  channels  by  binding  to  a  receptor  site  on  the  a 
subunit.  This  receptor  site  is  widely  considered  to  be  located  near  the  extracellular 
end  of  the  transmembrane  pore  of  the  sodium  channel  such  that  binding  of  the  cationic- 
toxins  at  that  site  impedes  access  of  transported  monovalent  cations  to  the  pore.'  '” 
Neutralization  of  glutamine-387  by  site-directed  mutagenesis  and  expression  of  the 
modified  channels  in  Xenopus  oocytes  cau.se  a  complete  loss  of  tetrodotoxin  inhibition 
of  the  expressed  sodium  channels."’  This  residue  is  located  just  outside  transmembrane 
segment  S6  in  domain  I  of  the  .sodium  channel  (Fit;.  2).  The  corresponding  residues  in 
the  other  domains  are  also  negatively  charged  and  neutralization  of  them  by  site-directed 
mutagenesis  also  dramatically  reduces  tetrodotoxin  binding."  In  addition,  tyrosine- 3  74 
in  skeletal  muscle  sodium  channels  is  also  required  for  the  high  affinity  binding  of 
tetrodotoxin.'-'  It  is  located  two  residues  from  the  required  negatively  charged  residues 
in  the  first  domain.  This  residue  is  changed  to  cysteine  in  cardiac  (hi)  sodium 
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channels  causing  them  to  have  200-fold  reduced  affinity  for  tctrodotoxin  compared 
to  muscle  sodium  channels.’’  Evidently,  these  residues  in  analogous  positions  in  each 
domain  form  a  sin^e  binding  site  for  tetrodotoxin  in  or  near  the  extracellular  end  of  the 
transmembrane  pore  of  the  sodium  channel.  This  region  may  contribute  to  formation  of 
both  the  tetrodotoxin  receptor  site  and  the  extracellular  opening  of  the  transmembrane 
pore. 

Essentially  all  models  for  the  structure  of  the  voltage-gated  ion  channels  include 
a  transmembrane  pore  in  the  center  of  a  square  array  of  homologous  transmembranc 
domains.  Each  domain  would  contribute  one-fourth  of  the  wall  of  the  pore.  Short 
segments  (designated  SSl  and  SS2)  between  proposed  transmembrane  alpha  helices 
S5  and  S6  have  been  suggested  to  be  membrane-associated  and  contribute  to  pore 
formation.'”  '*'*  Recent  studies  support  proposals  in  which  the  S5  and  S6  alpha-helical 
segments  and  the  short  segments  SS 1  and  SS2  are  intimately  involved  in  pore  formation . 
As  described  above,  the  receptor  site  for  tetrodotoxin,  an  extracellular  pore  blocker 
of  sodium  channels,  includes  acidic  amino  acid  residues  immediately  on  the  extracellular 
side  of  transmembrane  segment  S6  in  each  domain.””'  The  receptor  site  for  verapamil, 
a  probable  intracellular  pore  blocker  of  calcium  channels,  involves  residues  immediately 
on  the  intracellular  side  of  transmembrane  segment  1VS6“  These  results  argue  that 
the  ends  of  S6  segments  form  pan  of  the  intracellular  and  extracellular  openings  of 
the  transmembrane  pore. 

Recent  results  on  potassium  channels  provide  direct  evidence  that  regions  analogous 
to  the  SS  1  and  SS2  segments  form  the  lining  of  the  transmembrane  pore.  Site-directed 
mutagenesis  and  formation  of  chimeric  potassium  channels  between  isoforms  with 
different  ion  conductance  and  pharmacological  propenies  have  revealed  that  several 
amino  acid  residues  located  near  the  extracellular  ends  of  the  SJ  and  S6  segments 
are  required  for  blocking  the  channel  from  the  extracellular  side  by  the  polypeptide 
charybdotoxin  and  by  tetraethylammonium  ion.’''  Moreover,  residues  in  the  center 
of  the  segment  containing  SSI  and  SS2  are  imponant  for  blocking  the  channel  from 
the  intracellular  side  by  tetraethylammonium  ion.  These  results  argue  that  the  short 
segments  SSl  and  SS2  may  traverse  the  membrane  in  an  exteiidcd  conformation 
placing  the  residues  between  them  on  the  intracellular  side  of  the  channel  These  short 
segments  may  therefore  form  the  inner  walls  of  the  transmembrane  pore  and  the 
residues  between  them  may  form  an  intracellular  binding  site  for  tetraethylammonium 
ion.  Consistent  with  this  idea,  minor  changes  in  the  amino  acids  in  this  segment  have 
dramatic  effects  on  ion  selectivity.'”'’ 

A  key  role  for  residues  at  the  extracellular  mouth  of  this  putative  pore  region  in 
determination  of  ion  selectivity  of  sodium  channels  is  indicated  by  recent  mutagenesis 
results.”  Mutation  of  lysine- 1422  and  alanine-1714  to  negatively  charged  glutamate 
residues  caused  a  dramatic  change  in  the  ion  .selectivity  of  the  sodium  channel  from 
sodium-selective  to  calcium-selective  (Fig.  2).  In  addition,  these  changes  created  a  higli 
affinity  site  for  calcium  binding  and  blocking  of  monovalent  ion  conductance  through 
the  sodium  channel,  as  has  been  previously  described  for  calcium  channels.'* 

Inactivadon 

Depolarization  of  the  membrane  of  excitable  cells  results  in  a  transient  inward 
Na*  current  that  is  terminated  within  a  few  milli.seconds  by  the  proce.ss  of  inactivation. 
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Perfusion  of  the  intracellular  surface  of  the  sodium  channel  with  proteolytic  enzymes 
prevents  inactivation,  implicating  intracellular  structures  in  the  inactivation  process.'" 
The  a  subunit  of  sodium  channels  consists  of  four  homologous  domains  connected 
by  cytoplasmic  linker  sequences.'*'*  Antibodies  directed  against  the  intracellular  linker 
between  homologous  domains  III  and  IV  (Lm/iv,  Fig.  2)  completely  block  fast  inactiva¬ 
tion  of  affected  single  sodium  channels.*'**'  Expression  of  the  sodium  channel  as  two 
polypeptides  with  a  cut  between  domains  III  and  IV  slows  inaaivation  approximately 
20-fold'"  and  small  insertions  in  this  loop  also  slow  inactivation.*"’  Phosphorylation 
of  a  single  serine  residue  in  Lm/iv  by  protein  kinase  C  slows  inactivation.*'  The  amino 
acid  sequence  of  Lm/iv  contains  several  clustered  positively  and  negatively  charged 
residues.  Surprisingly,  these  highly  conserved  residues  are  not  essential  for  fast  sodium 
channel  inactivation. *'*  However,  deletions  of  10-amino  acid  segments  within  L|ii/i\ 
can  completely  block  fast  sodium  channel  inactivation  supporting  an  essential  role  for 
this  segment  in  the  inactivation  process.*'*  To  assess  the  role  of  hydrophobic  amino 
acids  within  Lm/iv  in  inactivation,  site-directed  mutants  were  constructed  in  which 
conserved  hydrophobic  residues  were  altered,  expressed  in  Xenopus  oocytes  or 
transfected  Chinese  hamster  cells,  and  analyzed  by  whole  cell  voltage  clamp  and  single 
channel  recording. 

A  mutation  was  constructed  in  which  the  contiguous  hydrophobic  residues  isoleu- 
cines- 1488,  phenylalanine- 1489.  and  methionine- 1 490  (IFMQl )  were  substituted  with 
glutamine.  IW  A  encoding  mutant  Na*  channel  a  subunits  was  co-injected  into  Xenopus 
oocytes  with  RNA  encoding  the  p  1  subunit,  and  the  expressed  channels  were  analyzed 
by  two-microelectrode  voltage  clamp  recording.*'  Na‘  currents  recorded  in  oocytes 
injected  with  RNA  encoding  Na*  channel  mutant  1FMQ3  show  a  dramatic  removal 
of  fast  inactivation  (Fig.  4).  The  half-time  for  the  decay  of  the  sodium  current  is 
slowed  about  4,000-fold.  Only  a  minor  shift  (about  6  mV)  was  observed  in  the 
voltage-dependence  of  peak  Na*  conductance.  Thus,  the  mutation  IFMQ3  results  in 
a  specific  and  potent  inhibition  of  the  fast  inactivation  process. 

The  role  of  each  amino  acid  in  the  cluster  IFM  in  Na'  channel  inactivation  was 
examined  by  substitution  of  each  individually  with  glutamine  (I1488Q,  F1489Q. 
Ml  490Q).*'  While  mutations  1 1 488Qand  M 1 490Q showed  only  mild  effects,  mutant 
F1489Q  displayed  greatly  slowed,  biphasic  inactivation.  For  strong  depolarizations, 
a  small  fraction  of  the  current  inactivated  quickly,  but  most  of  the  current  failed  to 
inactivate  by  the  end  of  a  50-msec  pulse.  A  mean  of  86%  of  the  Na*  current  remained 
at  the  end  of  a  50-msec  pulse.  The  time  course  of  decay  of  the  Na'  current  was 
almost  as  slow  as  for  mutant  1FMQ3  during  long  test  pulses  to  -  10  mV.  These  results 
identify  phel489  as  the  critical  amino  acid  residue  within  the  hydrophobic  cluster 
IFM.  Single  FI489Q  channels  open  early  in  the  pulse  bur  continue  to  reopen  for  the 
duration  of  the  pulse  instead  of  inactivating.  The  increased  probability  of  reopening 
of  single  channels  evidently  causes  the  noninactivating  component  of  Na‘  current 
observed  at  the  macroscopic  level.  The  cluster  of  hydrophobic  amino  acid  residues 
at  positions  1488-1490  may  form  an  essential  pan  of  the  fast  inactivation  gate  of 
the  Na'  channel. 

The  structure  and  function  of  the  inactivation  gate  of  the  Na'  channel  resemble 
the  “hinged  lids"  of  allosteric  enzymes.**  Hinged  lids  have  been  defined  structurally 
by  X-ray  crystallography  and  molecular  modeling  and  therefore  provide  a  valuable 
model  for  tbe  unknown  structure  of  the  Na'  channel  inactivation  gate.  They  consist 
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of  structured  loops  of  10  to  20  residues  between  two  hinge  points  and  serve  as  rigid 
lids  that  fold  over  the  active  sites  of  allosteric  enzymes  to  control  substrate  access 
Binding  of  allosteric  ligands  causes  a  conformational  change  of  the  lid  to  open  or  close 
the  active  site.  By  analogy.  Lm/iv  may  function  as  a  rigid  lid  to  control  Na*  entry  to 
and  exit  from  the  intracellular  mouth  of  the  pore  of  the  Na'  channel  (Fig.  5).'''  This 
hinged  lid  may  be  held  in  the  closed  position  during  inactivation  by  a  hydrophobic 
latch  formed  by  the  hydrophobic  cluster  IFM.  Glycine  and  proline  residues  on  either 
side  of  the  IFM  domain  that  are  conserved  in  all  five  cloned  rat  Na'  channels  that 
have  been  functionally  expressed  may  function  as  hinge  points'’  allowing  the  inactiva¬ 
tion  gate  region  of  Lm/iv  to  move  in  and  out  of  the  channel  pore. 


MODULATON  OF  SODIUM  CHANNEL  FUNCTION  BY 
PROTEIN  PHOSPHORYLATION 


cAMP-dependem  Protein  Kinase 

The  possibility  of  modulation  of  sodium  channel  function  by  cAMP-dependent 
phosphorylation  was  first  suggested  by  biochemical  experiments  showing  that  the  a 
subunit  of  the  sodium  channel  purified  from  rat  brain  was  rapidly  phosphorylated  by 
cAMP-dependent  protein  kinase  on  at  least  three  sites.''*  Sodium  channel  a  subunits 
in  intact  synaptosomes  are  rapidly  phosphorylated  in  response  to  agents  that  increase 
cAMP,  and  neurotoxin-activated  ion  flux  through  sodium  channels  is  reduced  concomi¬ 
tantly.''’  Stimulation  of  rat  brain  neurons  in  primary  cell  culture  with  agents  that 
increase  cAMP  also  causes  rapid  phosphorylation  of  sodium  channel  a  subunits.  " 
Substantial  phosphorylation  is  observed  at  the  basal  level  of  cAMP  in  the  cultured 
neurons  and  a  twofold  increase  is  observed  upon  stimulation. 

The  physiological  effect  of  phosphorylation  of  sodium  channels  is  revealed  most 
clearly  by  analysis  of  the  effect  of  direct  phosphorylation  of  sodium  channels  in  excised 
membrane  patches  by  purified  cAMP-dependent  protein  kinase.  '  Phosphorylation 
of  the  inside-out  membrane  patches  from  rat  brain  neurons  or  transfected  CHO  cells 
reduces  peak  sodium  currents  approximately  50%  with  no  change  in  the  time  course 
or  the  voltage  dependence  of  activation  or  inactivation  of  the  sodium  current  (Fig. 
6,B). 

The  sites  of  phosphorylation  of  the  sodium  channel  by  cAMP-dependent  protein 
kinase  have  been  identified  by  a  combination  of  two-dimen.sional  phosphopeptide 
mapping,  immunoprecipitation  of  phosphopeptides  with  site-directed  anti-peptide  anti¬ 
bodies,  and  microsequence  determination.’^  ’’  Four  sites  of  in  vitro  phosphorylation 
are  clustered  in  the  large  intracellular  loop  connecting  homologous  domains  1  and  11 
(Fig.  2).  These  sites  are  all  phosphorylated  in  intact  neurons,  but  their  different  rates 
of  phosphorylation  m  vitro  suggest  that  a  subset  of  the  sites  may  play  a  predominant 
role  in  channel  regulation.  Mutation  of  individual  serine  residues  followed  by  expression 
and  functional  analysis  will  be  required  to  define  the  role  of  each  site  in  regulation 
by  cAMP-dependent  phosphorylation. 
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Protein  Kinase  C 

Alpha  subunits  of  purified  sodium  channels  from  rat  brain  are  also  phosphorylated 
by  protein  kinase  '  suggesting  that  they  may  be  modulated  by  the  calcium/ 
diacyl^ycerol  signaling  pathway.  In  agreement  with  this  suggestion,  sodium  currents 
in  neuroblastoma  cells  are  reduced  by  treatment  with  fatty  acids  that  can  activate 
protein  kinase  C,'*  and  sodium  currents  in  Xenopus  oocytes  injected  with  rat  brain 
mRNA  are  reduced  by  treatment  with  phorbol  esters  that  activate  protein  kinase 
C.  '  Activation  of  protein  kinase  C  in  rat  brain  neurons  or  in  Chinese  hamster  ov'ary 
(CHO)  cells  transfected  with  cDNA  encoding  the  type  llA  sodium  channel  a  subunit 
by  treatment  with  diacylglycerols  causes  two  functional  effects:  slowing  of  inactivation 
and  reduction  of  peak  current  (Fig.  6,A  '').  Both  of  these  actions  are  prevented  by 
prior  injection  of  the  pseudosubstrate  inhibitory  domain  of  protein  kinase  C  into  the 
cells  indicating  that  they  reflect  phosphorylation  by  protein  kinase  C.  Moreover,  both 
effects  can  be  observed  in  excised,  inside-out  membrane  patches  by  phosphorylating 
sodium  channels  directly  with  purified  protein  kinase  C.  These  results  support  the 
conclusion  that  protein  kinase  C  can  modulate  sodium  channel  function  by  phosphory¬ 
lation  of  the  a  subunit  of  the  sodium  channel  protein  itself  as  ob.served  with  purified 
sodium  channels. 

The  intracellular  loop  connectingdomains  III  and  IV  has  been  implicated  in  sodium 
channel  inactivation  as  described  above.  This  segment  has  a  consensus  sequence  for 
phosphorylation  by  protein  kinase  C  centered  at  serine  1 506.  Mutagenesis  of  this  serine 
residue  to  alanine  blocks  both  of  the  modulatory  effects  of  protein  kinase  C  Evidently, 
phosphorylation  of  this  site  is  required  for  both  slowing  of  sodium  channel  inactivation 
and  reduction  of  peak  sodium  current  by  protein  kinase  C.  It  likely  slows  inactivation 
by  a  direct  effect  on  the  structure  and/or  closure  of  the  inactivation  gate  itself 


PERSPECTIVE 

The  structural  basis  for  the  functional  properties  of  the  voltage-gated  ion  channels 
is  rapidly  being  elucidated.  Development  of  a  molecular  map  of  these  channels  has 
evolved  through  contributions  from  many  laboratories.  However,  the  molecular  tem¬ 
plate  for  this  map  originated  in  the  determination  of  the  primary  structures  of  the 
principal  subunits  of  the  sodium  and  calcium  channels  by  Professor  Shosaku  Numa 
and  his  colleagues.  Their  work  opened  the  way  for  molecular  analysis  of  these  channels 
and  many  other  proteins  considered  in  this  volume.  Their  determination  of  the  primarv 
structures  of  important  signaling  molecules  is  unparalleled  Professor  Numa's  untimelv 
death  at  the  apex  of  his  scientific  powers  is  a  loss  of  substantial  proportions  for  this 
field.  His  contributions  will  be  sorely  missed. 
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INTRODUCTION 

The  sodium  channel  is  a  transmembrane  protein  responsible  for  the  voltage- 
dependent  modulation  of  the  sodium  ion  permeability  of  excitable  membranes  and 
thus  plays  an  essential  role  in  generating  action  potentials.  A  new  approach  to  studying 
the  structure  and  function  of  this  membrane  protein  has  been  provided  by  recombinant 
DNA  technology.  Cloning  and  nucleotide  sequence  analysis  of  cDNAs  have  allowed 
the  elucidation  of  the  primary  structures  of  the  sodium  channel  proteins  and  have 
afforded  insight  into  the  evolution  of  these  proteins.  Furthermore,  expression  of  the 
cloned  cDNAs  and  their  mutants  produced  by  site-directed  mutagenesis  has  made  it 
possible  to  investigate  the  structural  basis  for  the  function  of  this  ionic  channel. 


PRIMARY  STRUCTURE 

The  primary  struaures  of  the  sodium  channel  from  the  electric  organ  of  the  eel 
Electrophorus  electricus'  and  the  three  distinct  sodium  channels  (designated  as  sodium 
channels  I,  II,  and  III)  from  rat  brain^  *  were  elucidated  by  cloning  and  sequence 
analysis  of  the  cDNAs.  Figure  1  shows  the  alignment  of  the  amino  acid  sequences 
of  the  four  sodium  channels.  The  Electrophorus  sodium  channel  and  rat  sodium  channels 
I,  II,  and  III  consist  of  1,820,  1,998  [or  2,009  (see  the  legend  to  Fig.  1)|,  2,00.^,  and 
1,951  amino  acid  residues  (including  the  initiating  methionine),  respectivelv.  Homol¬ 
ogy  matrix  comparison  of  the  amino  acid  sequences  revealed  the  presence  of  four 
internal  repeats  (I-IV)  that  exhibit  sequence  homology.'"''  The  regions  corresponding 
to  these  repeats  arc  highly  conserved  among  the  four  sodium  channels,  whereas  the 
remaining  regions,  all  of  which  are  assigned  to  the  cytoplasmic  side  of  the  membrane, 
are  less  well  conserved,  except  for  the  short  segment  between  repeats  III  and  IV  A 
large  insertion  of  1  35-194  amino  acids  occurs  in  the  region  between  repeats  1  and 
II  of  the  rat  sodium  channels,  compared  with  the  Electrophorus  counterpart.  The  inserted 
segments  and  their  carboxy-terminal-ncighboring  regions  contain  several  potential 

^  Address  correspondence  tO:  Masaharu  Noda,  Division  of  Molecular  Neurolriologs ,  Nation;il 
Institute  for  Basic  Biology,  38  Nishigonaka,  Myodaiji-cho,  Okazaki  4-t4.  Japan 
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sites  of  phosphorylation  by  cyclic  AMP-dcpcndent  protein  kinase,  which  are  conserved 
in  the  three  rat  sodium  channels. 


PROPOSED  TRANSMEMBRANE  TOPOLOGY 
AND  SECONDARY  STRUCTURE 

The  Electrophorus  and  rat  sodium  channels  show  similar  hydropathy  profiles.'  ' 
Each  of  the  four  internal  repeats  has  five  hydrophobic  segments  (SI,  S2,  SL  S5.  and 
S6)  and  one  positively  charged  segment  (S4),  all  of  which  exhibit  predicted  secondary 
structure.'"’  It  seems  reasonable  to  assume  that  the  four  repeated  units  of  homology 
are  oriented  in  a  pseudosymmetric  fashion  across  the  membrane.  This  suggests  the 
presence  of  an  even  number  of  transmembrane  segments  in  each  repeat,  because  no 
additional  hydrophobic  segments  are  predicted  outside  the  repeats.  Furthermore,  the 
sodium  channels  have  no  hydrophobic  prepeptide  and  may,  like  some  transmembrane 
proteins  devoid  of  a  cleavable  prepeptide,  have  their  amino  terminus  on  the  cytoplasmic 
side  of  the  membrane.  Thus  the  transmembrane  topology  of  the  sodium  channel 
molecule  has  been  assigned  in  such  a  way  that  each  internal  repeat  contains  six  presum¬ 
ably  a-helical  membrane-spanning  segments  (S I  -S6)  and  that  the  amino-  and  carboxy- 
terminals  are  on  the  cytoplasmic  side  of  the  membrane  (Fig.  2).’  In  addition  to  these 
transmembrane  segments,  the  loop  between  S5  and  S6  was  also  postulated  to  form 
a  hairpin  into  the  channel,  the  so-called  SSl  and  SS2  segments  after  Guy  et  al.'  thus 
forming  the  channel  pore  lining  (Fig.  2).  The  proposed  transmembrane  topology  is 
consistent  with  fiye  of  the  six  potential  N-gJycosylation  sites  that  are  conserved  in 
all  four  sodium  channels  as  well  as  with  all  eight  potential  cyclic  AMP-dependent 
phosphorylation  sites  that  are  conserved  in  the  three  rat  sodium  channels 

The  voltage-dependent  gating  of  the  sodium  channel  implies  the  presence  of  a 
voltage  sensor,  which  is  thought  to  be  a  collection  of  charges  or  equivalent  dipoles 
moving  under  the  influence  of  the  membrane  electric  field.'’  In  fact,  this  movement 
can  be  measured  as  a  gating  current."'’  The  finding  that  the  equivalent  of  four  to  six 
charges  must  move  fully  across  the  membrane  to  open  one  sodium  channel"  suggests 
the  intramembranous  location  of  many  dipoles  that  move  by  smaller  di.stances.  The 
unique  structure  of  the  positively  charged  segment  S4  is  strikingly  well  conserved 
among  the  four  sodium  channels  (Fig.  1).  Segment  S4  in  repeats  1.  11,  111,  and  1\’ 
contains  four,  five,  six,  and  eight  arginine  or  lysine  residues,  respectively,  at  every 
third  position  (except  for  the  arginine  residue  closest  to  the  carboxyl  end  of  segment  S4 
in  repeat  Ill  residing  at  the  fourth  position),  with  mostly  nonpolar  residues  intervening 
between  the  basic  residues.  We  proposed  that  the  positive  charges  in  this  segment, 
many  of  which  presumably  form  dipoles,  represent  the  voltage  .sensor.'  '  1  hey  would 
move  outward  in  response  to  depolarization,  causing  conformational  changes  and 
possible  rearrangement  of  ion  pairs.  The  presence  of  four  homologous  repeats  in 
a  single  sodium  channel  molecule  is  consistent  with  the  sigmoid  activation  kinetics 
characteri.stic  of  this  channel." 

Furthermore,  clustered  positively  charged  residues  (predominantly  lysine)  arc  con¬ 
served  in  the  region  between  segment  S6  of  repeat  III  and  segment  SI  of  repeat  I\', 
and  clustered  negatively  charged  residues  in  the  region  following  segment  S6  of  repeat 
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FIGURE  2.  Proposed  transmembrane  topology  of  the  sodium  channels.  Segments  S1-S6  in  each 
repeat  (I-IV)  are  shown  hy  cylinders.  In  addition,  two  shorter  putative  membrane-associated  regions 
are  shown  between  each  S5  and  S6  segments,  labeled  SSI  and  SS2,  after  notation  of  Guy  '  (Based 
on  Noda  et  at  ‘) 

IV. ^  We  speculated  that  these  regions,  which  are  assigned  to  the  cytoplasmic  side  of 
the  membrane,  are  involved  in  the  inaaivation  of  the  sodium  channel.^ 

These  tentative  assignments  of  the  functional  regions  based  on  tbe  analysis  of  tbe 
primary  structure  have  been  confirmed  one  by  one  by  the  investigation  of  the  effects 
of  side-directed  mutations  of  rat  sodium  channel  11  on  its  functional  propenies. 


EXPRESSION  OF  THE  SODIUM  CHANNEL  mRNAS 

The  three  sodium  channel  mRNAs  exhibit  different  temporal  and  regional  expres¬ 
sion  patterns  in  the  rat  central  nen-ous  system  (CNS)."  Figure  3(A)  shows  the  blot 
hybridization  analysis  of  total  RNA  from  adult  rat  brain,  using  probes  specific  for  the 
sodium  channels  I,  II,  and  111  (lanes  1,  2,  and  3,  respectively)  or  the  common  probe 
(lane  4).  The  estimated  sizes  of  the  major  RNA  species  specific  for  sodium  channels 
I,  II,  and  III  were  ~ 9,000,  —9,500,  and  —9,000  nucleotides,  respectively." 


FIGURE  I .  Alignment  of  the  amino  acid  sequences  of  rat  sodium  channels  1  (top),  II  (second  row  ), 
III  (third  row),  and  the  Eketropborw  ekctricus  sodium  channel  (bottom).  The  one-letter  amino  acid 
notation  is  used  Sets  of  three  or  four  identical  residues  at  one  position  are  enclosed  with  solid  lines, 
and  the  fourth  residue  regarded  as  conservative  substitutions  at  the  same  position  is  enclosed  w  ith 
broken  lines.  Conservative  substitutions  are  defined  as  pairs  of  residues  belonging  to  one  of  the 
following  groups;  S,  T,  A,  and  G:  N,  D,  E,  and  Q;  H.  R.  and  K;  M,  1,  L,  and  V;  F,  Y,  and  VV 
Gaps  (-)  have  been  inserted  to  achieve  maximum  homology  Amino  acid  residues  arc  numbered 
beginning  with  the  initiating  methionine,  and  numbers  of  the  residues  at  the  right-hand  end  of 
individual  lines  are  given  Basitions  in  the  aligned  sequences  including  gaps  arc  numbered  beginning 
with  that  of  the  initiating  methionine,  and  position  numbers  arc  given  above  the  sequences  The 
putative  transmembrane  segments  S1-S6  in  each  of  repeats  1-lV  are  indicated;  the  termini  of  these 
segments  have  been  tentatively  assigned  The  amino  acid  differences  resulting  from  the  nucleotide 
differences  found  among  the  individual  clones  are  as  follows  (position  numbers  in  the  aligned  sequences 
are  given  in  parentheses).  Sodium  channel  I:  deletion  (694-704);  Asn  (503);  Lys  (617);  ,\sn  (849) 
Sodium  channel  If  Lys  (522);  His (1,057);  Met  (1,144);  Gly  (1 ,274).  Sodium  Channel  111  lie  (2  7  1). 
Leu  (279);  Thr  (556);  Lys  (555);  Arg  (1.149)  (Based  on  Noda  et  at.''  and  Kayano  et  at.') 
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FIGURE  5.  RNA  blot  hybridization  analysis.  (A)  Analysis  of  total  RNA  from  brain  using  the  RNA 
probes  specific  for  sodium  channels  I  (Lane  I).  II  (Lane  2).  and  III  (Lane  3)  and  the  RNA  probe 
common  to  them  (Lane  4).  RNA  samples  (25  pg  each)  from  adult  rat  brain  were  elect rophoresed 
on  1.0%  agarose  gel.  The  specific  radioactivities  of  the  RNA  probes  were  5  6-7  6  x  10"  dpm/pg 
Autoradiography  was  performed  at  -  IQ^C  for  2 1  h  with  an  intensifying  screen  (B  and  C)  Temporal 
expression  patterns  of  sodium  channel  I,  II.  and  III  mRNAs  in  total  brain  and  spinal  cord  Diamonds, 
triangles,  and  circles  represent  the  relative  abundance  of  sodium  channel  I,  II,  and  III  mRNAs, 
respeaively;  similar  hybridization  efficiencies  forthc  three  specific  probes  arc  assumed  The  densitomct- 
ric  values  have  been  corrected  for  differences  in  autoradiographic  exposure  times  and  in  specific 
activities  of  the  probes  Averaged  data  comprising  2-5  independent  RNA  samples  (deviation  from 
the  means  being  within  ±  10  %)  are  shown  for  total  brain  at  El  2.  P4,  P7,  PI  5,  P30.  P60,  and  P90 
and  for  spinal  cord  at  E12,  P7,  P30.  P60.  and  P90.  (A  from  Suzuki  etal  Reprinted  with  permission  ' 
B  and  C  from  Beckh  et  al  '‘  Reprinted  with  permission  ) 
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Figure  3  (B  and  C)  shows  the  temporal  expression  patterns  of  the  three  sodium 
channel  mRNAs  in  brain  and  spinal  cord,  respectively. ''  The  initial  increase  of  all 
three  sodium  channel  mRNAs  occurs  several  days  earlier  in  the  spinal  cord  than  in 
the  brain.  The  temporal  expression  patterns  reveal  two  time-dependent  switches  in 
sodium  channel  mRNA  expression  in  the  CNS:  (I)  a  switch  in  expression  of  sodium 
channel  Ill  and  I  mRNAs  is  observed  in  all  the  regions  studied  at  a  time  when  both 
mRNA  levels  are  about  half-maximal  and  (2)  a  second  switch  in  expression  of  sodium 
channel  II  and  I  mRNAs  is  observed  in  the  spinal  cord  and  medulla-pons.'^  These 
findings  suggest  that  sodium  channel  III  is  expressed  predominantly  at  fetal  and  early 
postnatal  stages,  whereas  sodium  channel  I  is  expressed  predominantly  at  late  postnatd 
stages.  The  expression  of  sodium  channel  II  is  suggested  to  occur  throughout  the 
developmental  stages  studied,  being  subject  to  greater  regional  variability. 

EXPRESSION  OF  FUNCTIONAL  SODIUM  CHANNEL  FROM  cDNA 

mRNAs  specific  for  rat  sodium  channels  I,  II,  and  III  were  synthesized  by  transcrip¬ 
tion  in  vitro  of  the  respective  cDNAs  using  the  bacteriophage  SP6  promoter.  Xenopus 
oocytes  injected  with  the  sodium  channel  Il-specific  or  the  sodium  channel  Ill-specific 
mRNA  show  a  transient  inward  current  (up  to  19-26  pA  in  Ringer’s  solution)  when 
the  holding  membrane  potential  is  shifted  from  -  1 00  mV  to  -  1 0  mV  under  voltage 
clamp. "  '  *  The  inward  current  is  blocked  by  tetrodotoxin  (TTX)  as  well  as  by  saxitoxin 
(STX).  On  the  other  hand,  oocytes  injected  with  the  sodium  channel  I-specific  mRNA 
exhibit  only  a  small  TTX-sensitive  response.”  Figure  4(A)  shows  an  example  of  the 
dose-response  curves  for  TTX  obtained  from  oocytes  injected  with  the  sodium  channel 
Il-specific  mRNA.  The  apparent  dissociation  constant  for  TTX  [Kyw)  ranges  from 
10  nM  to  14  nM.  When  the  external  Na*  concentration  is  lowered  by  replacement 
with  tetraethylammonium,  tetramethylammonium,  or  sucrose,  the  TTX-sensitive  in¬ 
ward  current  is  reduced  in  a  dose-dependent  manner,  being  vinually  abolished  at 
~  3  mM  Na*  (Fig.  4,B).  No  significant  difference  in  function^  properties  is  observ'ed 
between  sodium  channels  II  and  III  expressed  in  oocytes.  Figure  4(C)  shows  the  peak 
inward  current-voltage  (I-V)  relation  for  sodium  channel  II  expressed  in  an  oocyte. 
The  maximum  current  occurs  at  a  potential  of  -  13  8  +  4. .3  mV. 

The  properties  of  sodium  channel  II  expressed  in  oocytes  were  analyzed'^  according 
to  the  model  of  Hodgkin  and  Huxley,*  assuming  three  activation  gates.  The  voltage 
dependence  of  steady-state  activation  of  sodium  channel  II  is  in  good  agreement  with 
that  of  sodium  channels  described  for  the  rat  peripheral  nerve  ”  (Fig.  5, A),  and  its 
single-channel  properties  closely  resemble  those  reponed  for  cultured  rat  muscle  cells'* 
(see  also  Fig.  10).  However,  the  steady-state  inactivation  of  sodium  channel  II  occurs 
at  less  negative  potentials,  compared  with  the  data  obtained  for  rat  peripheral  nerve” 
and  muscle”  (Fig.  5,B).  A  consequence  of  this  shift  is  that  the  activation  and  inactivation 
curves  overlap  over  a  wider  potential  range  than  in  peripheral  nerve  or  muscle.  This 
wider  overlap  in  the  potential  range  between  -60  mV  and  -40  mV  is  expected  to 
produce  a  slowly  inactivating  inward  Na*  current  at  potentials  near  the  threshold  of 
action  potential  firing.  A  persistent  inward  Na*  current  in  this  potential  range  has 
been  reported  for  hippocampal  neurons,'"  where  it  is  thought  to  aid  the  repetitive 
firing  of  action  potentials. 
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FIGURE  4,  Expression  of  functional  sodium  channels  from  cDNA  (A)  Effect  of  ITX  on  depolariza- 
tion-aaivated  whole-cell  inward  currents  in  Xtrwpiis  oocytes  iniected  with  the  sodium  channel  11- 
specific  mRNA.  The  curve  represents  the  dose-response  relation  expected  from  a  Kn\  of  14  nM 
(indicated  by  a  horizontal  bar)  according  to  the  equation  y  =  (l  +  T/K]-i\)  where  T  is  the  TT\ 
concentration.  (B)  Effeas  of  changes  in  external  Na‘  concentration  replaced  bv  tetraethvlammonium 
ions.  The  four  records  (from  bottom  to  top)  were  obtained  at  external  Na*  concentrations  of  1 18 
mM,  80  mM,  41  mM,  and  2.75  mM.  respectively  (C)  Peak  inward  current  versus  voltage  relation 
The  current  records  were  obtained  from  a  membrane  patch  of  an  ooevte  injected  with  the  sodium 
channel  ll-specific  mRNA  By  interpolation,  the  reversal  potential  is  P,,.  =  45  mV  (A  and  B  from 
Noda  et  al."  Reprinted  from  Nature,  Copyright  1986  Macmillan  Journals  Limited.  C  from  Stuhmer 
rt  al."  Reprinted  with  permission.) 
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FIGURE  S.  Steady-state  activation  (A)  and  inactivation  (B)  of  sodium  channel  11  expressed  In  Xe?wpus 
oocytes.  (A)  Steady  state  activation  parameter  is  a  function  of  test  potential  (tilled  svmlxils)  t  he 

I  VT'-V,\ 

smooth  line  represents  the  best  fit  to  the  equation  to„=  1/(1  +cxp  — ^ -  (  with  fT  >  =  -40 


mV  and  a„  =  9.4  mV  The  open  symbols  represent  corresponding  values  from  rat  peripheral  nerve  “ 
(B)  Steady  state  inactivation  parameter  as  a  function  of  prepulse  potential  (Vp,,)  (rilled  svmbois) 
Currents  wiere  elicited  by  a  test  pulse  to  -  10  mV,  following  conditioning  prepulses  of  .16  msec 
duration  to  potentials  between  -  110  mV  and  -26  mV.  The  solid  line  represents  a  non-linear 


mV.  For  comparison,  equivalent  data  from  rat  peripheral  nerve"  arc  shown  as  open  squares,  and 
the  open  circles  represent  values  for  rat  twitch  muscle'''  plotted  using  Vj  .  =  -  76  mV  and  ui,  = 
5  7  mV  The  activation  relation  from  (A)  (dashed  line)  is  also  shown  to  indicate  the  potential  range 
where  activation  and  inactivation  overlap  (Reprinted  with  permission  from  Stuhmer  el  al  "1 
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There  has  been  considerable  controversy  as  to  the  subunit  structure  of  the  sodium 
channel.  The  sodium  channels  purified  from  the  electric  organ  of  E.  electricus'''  ^"  and 
from  chick  cardiac  muscle^'  consist  of  a  sin^e  large  polypeptide  of  Al,  —260,000, 
whereas  those  purified  from  rat  brain’'  and  from  rat  and  rabbit  skeletal  muscle''  contain, 
in  addition  to  the  large  polypeptide  (a-subunit),  one  or  two  smaller  polypeptides  of 
M,  3T000-43,000(P-subunits).  The  findings  described  above  indicate  that  themRNAs 
derived  from  the  rat  brain  cDNAs  encoding  the  sodium  channel  large  polypeptide  can 
direct  the  formation  of  functional  sodium  channels  in  Xmopus  oocytes.  The  functional 
propenies  of  the  sodium  channels  expressed  from  the  cDNAs  are  comparable  to  those 
of  the  sodium  channels  produced  in  oocytes  injected  with  poly(A)*  RNA  from  rat 
brain.  Therefore,  the  function  of  the  p-subunits  is  not  clear  at  the  moment.  Nevertheless 
a  low-molecular-weight  fraction  from  the  total-brain  mRNA  has  been  shown  to  modu¬ 
late  sodium  channel  inactivation.''* 


MAPPING  OF  FUNCTIONAL  REGIONS 


Voltage  Sensor 

The  ability  to  respond  to  a  change  of  the  transmembrane  voltage  is  one  of  the 
peculiar  properties  of  the  voltage-gated  ion  channels  and  is  a  basic  mechanism  underlv- 
ing  the  electrical  excitability  of  nerve  and  muscle  membranes.  To  test  the  hypothesis 
that  the  positive  charges  in  segment  S4  serve  as  the  voltage  sensor,  we  introduced 
point  mutations  into  segment  S4  to  replace  positively  charged  amino  acid  residues 
by  neutral  or  negatively  charged  residues,  and  analyzed  the  functional  propenies  of 
the  resultant  mutant  sodium  channels  expressed  in  Xmopus  oocytes.'*  The  results 
showed  that  reducing  the  net  positive  charge  in  segment  S4  of  repeat  1  causes  a  decrease 
in  apparent  gating  charge,  as  manifested  by  a  reduction  in  the  steepness  of  the  potential 
dependence  of  activation  (Fig.  6, A).  A  roughly  inverse  relationship  was  observed 
between  the  apparent  gating  charge  and  the  decrease  in  total  net  positive  charge  (Fig 
6,B).  This  finding  provides  experimental  evidence  that  the  positive  charges  in  this 
segment  are  involved  in  the  voltage-sensing  device  for  activation  of  the  sodium  channel. 

All  the  modifications  in  S4  caused  a  shift  in  the  range  of  activation  along  the 
voltage  axis  (Table  I  and  Stiihmer  et  al.  (figure  3)''l  including  a  substitution  of  one- 
unchanged  residue  for  another."  Channel  gating  involves  transition  among  several 
states.  Mutations  that  change  the  stability  of  the  closed  and/or  open  states  alter  the 
equilibrium  distribution  between  them  and  thereby  shift  the  voltage  dependence  of 
the  channel.  The  effect  of  a  mutation  on  the  shift  must  be  expected  most  when  the 
mutation  resides  in  the  voltage  sensor  region.  Therefore,  the  shifts  of  activation  and 
inactivation  are  consistent  with  the  idea  that  segment  S4  forms  the  voltage  scn,sor. 
The  unique  structural  features  of  segment  S4  are  strikingly  well  conserved  in  the  calcium 
channel  and  the  potassium  channel,  which  show  amino-acid  sequence  homology  with 
the  sodium  channel.  Therefore,  this  mechanism  seems  to  be  shared  by  other  voltage¬ 
gated  ionic  channels  as  well,"* 
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FIGURE  6.  (A)  Comparison  of  the  steepness  of  the  voltage  dependence  of  steady-state  activ  ation 
(mi)  for  the  wild-type  (O)  and  the  mutant  sodium  channels  K226Q (□).  R2 1 7Q  k226Q  (A),  and 
R2 1 7Q'  R220Q‘  R223Q(0).  Single  representative  experiments  are  shown  For  the  purpose  of  making 
changes  in  slope  readily  visible,  the  aaivation  curve  of  each  mutant  has  intentionally  been  shifted 
along  the  voltage  axis  to  have  the  same  voltage  of  half  activation  as  the  wild-type  The  continuous 
lines  correspond  to  the  best  fits  of  the  data  points  according  to  the  equation  m»=  l/jl  -i-cxp 

|.  The  valence  of  the  apparent  single-gate  change.  Z„.  is  2  1,  1  7,  15.  and  11, 

respectively.  These  values  represent  the  valence  of  the  gating  charge  contributed  by  a  single  gate  if 
a  hypothetical  channel  comprising  three  identical  gating  subunits  is  assumed  (B)  Changes  in  Zm  with 
decreases  in  the  total  number  of  net  positive  charges  in  segment  S4  of  repeat  1  at  amino  acid  positions 
217,  220,  223,  and  226.  The  values  plotted  as  Z„  are  the  average  Z„  values  given  in  Tablk  1,  but 
with  one  more  digit  to  avoid  overlapping  of  similar  data  points  Replacement  of  a  positively  charged 
residue  by  a  negatively  charged  one  is  counted  as  a  decrease  of  two  net  positive  charges  (C)  Amino 
acid  sequences'  of  segment  S4  in  repeat  I  (IS4)  and  repeat  II  (IIS4)  of  wild-type  rat  sodium  channel 
II.  The  termini  of  the  segments  are  tentatively  assigned  Positively  charged  residues  are  boxed  w  ith 
solid  lines  and  the  numbers'  of  the  relevant  residues  are  given  (From  Stuhmer  et  at  ''  Reprinted 
from  Nature.  Copyright  1989  Macmillan  Journals  Limited  ) 


Inactivation  Gate 

The  presence  of  four  internal  repeats  suggests  that  the  .sodium  channel  evolved 
by  duplications  of  an  ancestral  gene.'  To  examine  whether  individual  repeats  or  their 
combinations  can  form  functional  sodium  channels,  we  prepared  mRNAs  encoding 
single  repeats  or  several  contiguous  repeats  by  transcription  in  vitro  of  the  corresponding 
cDNAs  (Fig.  7).  Next,  we  investigated  the  effects  of  cleavage  or  deletion  of  putative 
cytoplasmic  regions  on  sodium  channel  function  at  the  same  time.  The  results  in  this 
study^'  suggested  that  all  four  repeats  are  required  for  expression  of  functional  channels. 
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Table  1.  Propenies  of  Wild-type  and  Mutant  Sodium  Channels  Expressed 
in  Xmopus  Oocytes 


Mutant 

AQ 

Aaivation 

Inactivation 

vv,. 

(mV) 

Z„, 

(eii) 

n 

(mV) 

(mV) 

n 

Wild  type 

0 

-32+  7 

2.1  ±0.2 

13 

-61  ±  9 

10  4+  1  3 

9 

R217Q 

1 

-34+  7 

2  1  ±0  3 

6 

-66±  8 

9  6+1.1 

6 

R220Q 

1 

-40±  10 

1. 5  +  0.1 

4 

-67±2I 

9  9±0.8 

4 

R22  3Q 

1 

-20±  9 

t.6±0.2 

5 

-55±  14 

1 1  8±2.8 

4 

K226Q 

1 

-I3±  2 

1  8±0  2 

5 

-67±  6 

1 1.3  ±1.0 

(■ 

K226E 

2 

-3±  6 

1. 2  +  0.1 

3 

-71 

9  9 

2 

K226D 

2 

-  I2±  10 

1.5  +  0. 2 

3 

-69  ±  14 

10.4±2  2 

3 

K226R 

0 

-32±  4 

2  1  ±0.2 

5 

-  70  ±  7 

10.4±  1  7 

4 

S229R 

-  1  (0) 

-25±  3 

2.1  ±0.2 

3 

-  6 1  ±  5 

10.4±0  9 

3 

R217QR220Q 

2 

-51  +  J 

1.2  +  0. 2 

5 

~87±  5 

8.6  +  0  9 

3 

R217QR22  3Q 

2 

-49+  2 

1  3±0  1 

4 

-78±  2 

8  6  +  0  9 

4 

R2I7QK226Q 

2 

-  14+  10 

15  +  0  1 

4 

-83+  7 

9.6+  1  8 

3 

R220QR223Q 

2 

-28+16 

1  6±0.2 

4 

- 

- 

- 

R220QK226Q 

2 

-14+  5 

1. 4  +  0.1 

3 

-61  ±  3 

10.8  +  2  8 

3 

R223QK226Q 

2 

-6±  6 

1.4  +  0  2 

4 

-70+  14 

12.4+1.2 

3 

K226RS229R 

-  1  (0) 

-25±  4 

2.0  +  0.I 

4 

-  76±  10 

9.2  ±0  7 

4 

S229KP2  32R 

-2  (0) 

-I7±  7 

1.9±0.1 

4 

-63+  8 

9  9+12 

4 

R217QR220QR223Q 

3 

-44+13 

1.2±0.2 

3 

-74 

10  8 

2 

R217QR220QK226Q 

3 

-41  +  7 

1.4±0.2 

4 

-82±  12 

13.1  ±3.4 

3 

K862Q 

1  (0) 

-22±  5 

2.1  ±0.1 

5 

-70±  7 

9.6±0.7 

4 

K859QK862Q 

2  (0) 

-5±  7 

2.1  ±0.2 

6 

-  60  ±  1 2 

13.1  ±3  4 

5 

K226QK839QK862Q 

3  (1) 

ll±  9 

1.8±0.3 

5 

-83±  8 

8  9+10 

4 

AN 

0 

-3I±  3 

2  0±0.2 

-68+11 

13.8+1.5 

5 

cX-1 

0 

- 

- 

4 

- 

- 

4 

cY-1 

0 

-46±  7 

2  0±0  3 

3 

-75±  10 

1 1.8±2  5 

3 

cY-2 

0 

-33±  2 

2  0±0  1 

3 

-78±  5 

13.1  ±  1  4 

} 

AY 

0 

-31±  3 

2.2±0.2 

5 

-71  ±  8 

12  4+12 

5 

cZ-1 

0 

-36±  6 

2.2±0  2 

4 

-60±  7 

13.8+  15 

3 

cZ-2 

0 

-37+4 

1  8±0  1 

3 

-61 

11  3 

2 

AC 

0 

-40+  8 

2  2±0  2 

5 

-80±  9 

8.3+  1  1 

t 

Data  are  given  as  means  ±  s.d.  for  the  wild-type  sodium  channel  and  the  sodium  channels  with  p<iint 
mutations  in  segment  S4  of  repeats  I  and/or  II  (upper  part)  and  for  those  with  a  deletion,  a  cut.  or  a  cut/ 
addition  (lower  part).  All  the  data  are  taken  from  cell-attached  macro  patch  recordings  AQ  is  the  reduction 
in  positive  charge  caused  by  the  mutation,  the  values  in  parentheses  are  the  reduction  in  positive  charge 
at  amino  acid  positions  2 1 7.  220,  22  3.  and  226  of  segment  S4  of  repeat  I  I/"'  •  and  :  are  the  singie-gate 
equilibrium  potentials  of  activation  and  inactivation  Zn,  is  the  valence  of  the  apparent  single-gate  charge 
for  aaivation  and  an  is  the  slope  factor,  which  is  inversely  proportional  to  the  maximal  derivative  of  the 
inactivation  curve  The  average  values  for  Zm  and  ah  arc  rounded  to  two  digits  n  is  the  number  of  oocvtcs 
used,  which  were  taken  from  at  least  two  different  ?«ries  of  successful  injections,  several  patches  were 
obtained  from  most  oocytes.  No  inactivation  data  were  available  for  R22{Ki  •  R22  3Q  cX- 1  yielded  currents 
too  small  to  allow  reliable  measurements  Xtnofms  tacvis  oocytes  were  injecied  with  the  wild  type  (0  2  vig' 
^1)  or  a  mutant  mRNA  (0.2-0. S  ^g/fil.  total  concentration  of  an  equimolar  mixture  for  c-tvpc'  mutanf*) 
and  incubated  for  4-7  days  (Based  on  Stuhmer  ft  al  ^') 
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FIGURE  7.  Structures  of  deletion  mutants  and  combinations  The  regions  ot  rat  sodium  channel 
II  carried  by  the  individual  mutants  are  shown  by  horirontal  lines  w  ith  the  numbers  ol  the  constituent 
amino  acid  residues;  oblique  lines  at  the  termini  of  some  constructs  indicate  the  presence  of  shon 
additional  sequences  resulting  from  the  strategy  used  ■'  V'-shaped  lines  indicate  internal  deletions  On 
the  top,  the  protein-coding  region  is  shown  and  amino  acid  numbers  are  given  above  the  diagram 
The  coding  regions  for  the  four  internal  repeats  (l-IV')  arc  indicated  by  open  boxes  {Based  on  Stuhmer 
et  ai.'') 


and  therefore  the  repeats  must  assemble  spontaneously  when  separate  mRNAs  coding 
for  the  various  repeats  are  co-injccted. 

In  Figure  8(A),  macroscopic  currents  recorded  from  oocytes  implanted  with  the 
wild  type  and  the  mutant  cY-2,  cZ-1 ,  or  cZ-2  are  shown.  /\part  from  their  magnitude, 
the  currents  produced  by  the  mutant  cY-2,  which  has  a  cut/addition  between  repeats 
II  and  III,  are  similar  to  the  wild-type.  By  contrast,  the  currents  evoked  bv  the  mutants 
cZ- 1  and  cZ-2 ,  which  have  a  cut/addition  or  a  cut,  respectively,  between  repeats  Ill  and 
IV,  are  characterized  by  a  dramatic  decrease  in  the  rate  of  inactivation  A  quantitative 
comparison  of  the  steady-state  and  kinetic  propenies  of  cV-2  and  cZ-1  with  those  of 
the  wild-type  channel  is  shown  in  Figure  8  (B  and  C).  For  both  mutants,  the  stt  ady-state 
properties  of  activation  and  inactivation  arc  similar  to  those  of  the  wild-type  1  lowever, 
the  Th  of  the  mutant  cZ-1  becomes  nearly  voltage-independent,  being  about  30-told 
greater  at  strong  depolarizations  than  that  of  the  wild-type. 

By  contrast  with  the  wild-type  channel,  which  exhibits  short  openings  clustered 
at  the  beginning  of  the  depolarization,'''  openings  of  the  mutant  cZ-1  sometimes  lasted 
for  periods  as  long  as  the  voltage  step  (80  msec)-'  (Fig  9, A).  The  open-time  histograms 
for  elementary  currents  flowing  through  the  wild  type  and  mutant  cZ-1  channels  arc- 
shown  in  Figure  9(B).  The  mean  open  time  of  the  mutant  cZ-l  (.TB  msec)  is  more 
than  one  order  of  magnitude  larger  than  that  of  the  wild  type  channel  (0.4.3  msec) 

Our  results  .show  that  cleavage  of  the  linkage  between  repeats  III  and  IV  of  the 
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V(mV)  VlmV) 

FIGURE  8.  (A)  Current  responses  to  depolarizations  in  oocvies  in|ccted  with  the  wild  tvpc  (0  20 
Ug/nD  and  the  mutant  sodium  channel  cY-2  (0  5  3  Hg/nD,  cZ-1  ^0  5  5  pg/pl).  or  cZ-2  (0  pg/pl) 
mRNA.  Responses  were  evoked  by  depolarizations  ranging  from  -  60  to  +  70  m\'  ( +  90  mV  for 
cY-2)  in  10  mV  steps  from  a  holding  potential  of  -120  mV  Averages  of  16  individual  traces 
Temperature:  1  y°C.  (B)  Voltage  dependence  of  steady-state  activation  (m*.  tilled  symbols)  and  inacti¬ 
vation  (i«,  open  symbols)  for  cY-2  (■,□)  and  for  cZ-l  (A,  A)  The  smooth  lines  represent  the  best 
fit  of  the  data  for  the  wild-type  (C)  Voltage  dependence  of  the  time  constants  of  activation  (T,.. 
filled  symbols)  and  inactivation  (Tt,,  open  symbols)  for  the  same  mutant  channels  as  in  A  and  B  The 
continuous  lines  correspond  to  the  wild-type  data  (From  Stuhmer  rt  al  '  Reprinted  from  Nature. 
Copyright  1989  Macmillan  Journals  Limited  ) 


sodium  channel  causes  a  strong  reduction  in  the  rate  of  inactivation.  This  finding, 
together  with  the  similar  effect  observed  for  the  wild-tvpe  sodium  channel  treated 
with  intracellularly  applied  endopeptidases,  supports  the  view  that  this  region,  located 
on  the  cytoplasmic  side  of  the  membrane,  is  involved  in  the  inactivation  of  the  sodium 
channel." 


Toxin  Binding  Site  and  Channel  Pore  Lining 

A  single  point  mutation  (E357Q)  in  the  region  between  S.9  and  S6  of  repeat  1 
decreases  the  sensitivity  to  TTX  and  STX  by  at  least  four  orders  of  magnitude  (Fic. 
10,  A-C),'"  This  mutation  substitutes  the  glutamic  acid  residue  at  position  .587  with 
glutamine,  effectively  neutralizing  a  negative  charge.  The  propenics  of  the  mutant 
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FIGURE  9.  (A)  Single-channel  currents  recorded  from  a  patch  on  an  oocyte  implanted  with  the 
wild  type  or  the  mutant  sodium  channel  cZ-1 .  For  the  wild  type,  responses  to  10  msec  depolarization 
to  -32  mV  from  a  holding  potential  of  -83  mV  are  shown.  For  the  cZ-1  mutant,  responses  to 
successive  80  msec  depolarization  to  -  20  mV  from  -  100  mV  are  shown  (B)  Distribution  of  open 
times  of  elementary  current  pulses  of  the  wild-type  sodium  channel  and  thecZ-1  mutant  The  respective 
distributions  are  fitted  with  single  exponentials  with  decay  time  constants  of  0  43  msec  and  .3  8  msec 
(Reprinted  with  permission  from  Stuhmer  rt  a/ 

E387Q  resemble  closely  those  of  natural  channels  expo.sed  to  trimethyloxonium 
(TMO).  TMO  treatment  of  frog  sodium  channels  yields  a  loss  of  ITX  sensitivity,  a 
more  linear  instantaneous  I-V  relation,  and  a  threefold  reduction  of  conductance  with 
little  modification  of  gating.^’  These  effects  are  reproduced  in  the  mutant  E387Q  in 
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FIGURE  10.  (A)  Whole-cell  current  responses  of  the  mutant  E587Q  recorded  with  a  two-electrode 
voltage  clamp  Current  records  from  control  condition  and  the  perfusion  with  1  pM  TT'X  are  show  n 
Depolarizing  steps  were  between  -60  and  +  50  mV,  in  steps  of  10  mV  from  a  holding  potentiiil 
of  -  80  mV  (B  and  C)  Dose-response  curves  for  the  wild  type  (open  circles)  and  the  mutant  E5  87Q 
(filled  circles)  to  ITX  and  STX  The  smooth  lines  are  fitted  to  the  open  circles  according  to  the 
equation =  |1  +(r/IC<,i)"|  where  T  is  the  toxin  concentration  and  n  the  Hill  coefficient  Error 
bars  are  ±  SD  and  indicated  only  when  larger  than  the  symbol  size  (B)  For  the  wild  type,  the  1C.„ 
value  for  ITX  Is  18  nM  with  a  Hill  coefficient  of  I  f  Data  were  averaged  from  7  (wild  type)  and 
8  (mutant)  experiments  (C)  For  the  wild  type,  the  IC<„  value  for  STX  is  2  7  nM  with  a  Hill  coefficient 
of  11  Data  were  averaged  from  4  (wild  type)  and  7  (mutant)  experiments  (D)  Current-voltage 
relationships  for  tail  currents  after  a  OT-msec  depolarizing  pulse  to  +  50  m\'  The  wtld-tvpe  tail 
current  amplitudes  have  been  scaled  down  by  a  factor  of  1  2  so  that  the  outw  ard  currents  become 
comparable.  All  the  data  were  obtained  from  macro-patches  (E)  Noise  analysts  of  mutant  E587Q 
A  single-channel  current-voltage  relationship  over  a  large  voltage-range  is  shown  Single-channel 
currents  (filled  circles)  obtained  by  noise  analysis  from  one  inside-out  patch  arc  plotted  versus  test 
voltage.  Pipette  solution:  NFRi  bath  (internal)  solution  50  mM  NaCl,  90  mM  KCl.  10  mM  HEPF2i, 
10  mM  EGTA,  pH  7  2  The  straight  line  represents  a  linear  regression  line  (r  =  0  99)  with  a  slope 
of  4  0  ±  0  2  pS  (wild  type;  19  pS)  and  an  extrapolated  reversal  potential  of  24  ±  2  m\’  (A-D 
from  Noda  et  al.”  E  from  Pusch  et  a/  '") 
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the  absence  of  TMO  (Fig.  10,  D  and  E),  making  this  position  a  probable  site  of  action 
for  TMO. 

Another  mutation  (D384N)  that  neutralizes  the  aspartic  acid  D384  (three  residues 
apart  from  position  387)  to  asparagine  again  renders  the  channel  insensitive  to  I'l'X 
and  STX  (Fig.  1 1,  A  and  B).'“  Mutant  D384N  has  a  very  low  permeability  for  any 
of  the  following  ions:  C1‘,  Na*,  K*,  Li*.  Rb*.  Ca^* ,  Mg^‘ ,  NH4* ,  TMA‘ ,  TEA ' . 
However,  asymmetric  charge  movements  similar  to  the  gating  currents  of  the  Na‘- 
selective  wild-type  are  still  observed  (Fig.  1 1,C).  The  TTX-  and  STX-binding  site  is 
thought  to  reside  close  to  the  sodium  channel  pore  since  channel  modifications  that 
affect  toxin  binding  reduce  the  inward  current.  These  findings  suggest  that  residues 
D384  and  E387  are  located  in  the  extracellular  mouth  or  inside  the  ion-conducting 
pore  of  the  channel. 

These  two  residues  belong  to  the  shon  segment  SS2  in  the  region  between  the 
hydrophobic  segments  S5  and  S6  in  repeat  I  (Fig.  2).  In  each  repeat  the  S5-S6  region 
is  thought  to  contain  two  shon  segments,  SSl  and  SS2,  that  may  panly  span  the 
membrane  as  a  hairpin.  SS2  segments  have  been  postulated  as  forming  pan  of  the 
channel  lining.’  Actually,  all  mutations  at  the  equivalent  position  in  the  SS2  region 
of  the  other  repeats  (E942  and  E945  in  repeat  H,  K1422  and  Ml 42 5  in  repeat  HI. 
A17 14  and  D1 7 17  in  repeat  IV)  stron^y  reduce  toxin  sensitivity.”  This  suggests  that 
these  pairs  of  residues  of  the  four  repeats  form  pan  of  the  extracellular  mouth  and 
make  the  determinants  of  TTX  and  STX  sensitivity. 

Recently,  Heinemann  et  al.^^  reponed  that  the  single  mutations  K1422E  and 
A1714E  in  the  SS2  segment  of  repeats  111  and  IV,  respectively,  which  occur  at  the 
equivalent  positions  in  the  calcium  channels,  alter  the  ion  selectivity  of  the  sodium 
channel  to  resemble  those  of  calcium  channels.  Funhermore,  the  channel  carrying 
both  mutations  is  not  only  permeable  to  Ca’  *  and  Ba’  * ,  but  is  also  selective  for  Ca’ ' 
over  Na*  at  their  physiological  concentrations.  These  findings  suggest  that  these  sites 
of  the  sodium  channel  and  corresponding  sites  of  the  calcium  channel  form  part  of 
the  selective  filters  of  these  channels  and  supports  the  view  that  the  SSI-SS2  region 
of  voltage-gated  ionic  channels  forms  part  of  the  channel  lining.” 


CONCLUDING  REMARKS 

The  complete  amino  acid  sequences  of  the  Electrophorus  elect  roplax  sodium  channel 
and  the  three  distinct  sodium  channels  from  rat  brain  have  been  elucidated  by  cloning 
and  sequencing  the  cDN  As.  The  deduced  primary  structure  suggests  functional  regions 
involved  in  the  operation  of  this  voltage-gated  ionic  channel.  Expression  ol  the  cloned 
cDNAs  yields  functional  sodium  channels  in  Xmopus  oocytes.  The  functional  proper¬ 
ties,  including  single-channel  charaaeristics,  of  the  sodium  channel  have  been  studied. 

Furthermore,  functional  regions  have  been  mapped  by  the  analysis  of  mutant 
channels  produced  by  site-directed  mutagenesis.  The  results  obtained  show  the  validity 
of  the  struaural  prediction  based  on  the  primary  structure.  Future  studies  will  be 
directed  to  work  out  how  the  amino  acids  are  arranged  in  three  dimensions. 
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FIGURE  1 1 .  Voltage-clamp  currents  of  mutant  D5  84N.  (A)  I'raccs  from  a  cell-attached  patch  with 
NFR  In  the  recording  pipette  obtained  by  stepping  the  membrane  voltage  trom  the  holding  voltage 
of  -  100  mV  to  the  indicated  values  The  intracellular  potential  of  the  oocyte  was  monitored  w  ith 
a  microelectodc,  filled  with  2  iM  KCI  (B)  Trace  obtained  under  identical  conditions  as  the  traces  in 
A  except  that  1  pM  TTX  was  included  in  the  pipette  filling  solution  (C)  Current  traces  trom  an 
inside-out  patch  from  a  different  oocyte  than  in  A  (holding  voltage  in  C:  -‘>7  mV)  The  solution 
in  C  was  (symmetrical);  10  mM  HEPES.  10  mM  EG  FA,  100  mM  KCI,  pH  7  2  In  A.  B,  and  C 
linear  leakage  and  capacitive  currents  were  subtracted  by  a  P/'l  method  with  a  ''P/4  holding  ot 
-  140  mV.  (Reprinted  with  permission  from  Pusch  ft  at  '") 
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INTRODUCTION 

The  essential  function  of  ion  channels  is  to  provide  a  passage  for  ions  to  permeate 
across  the  membrane.  However,  most  of  the  ion  channels  behave  not  as  simple  pores 
but  exhibit  ion  selectivity.  This  fascinating  propeny  has  led  us  to  many  investigations 
of  various  types  of  ion  channels,  such  as  the  nicotinic  acetylcholine  receptor  in  the 
end-plate  of  neuromuscular  junctions  and  the  sodium  channel  of  squid  giant  axons. 
In  these  tissues,  the  channels  are  densely  packed  and  relatively  homogeneous.  Com¬ 
bined  with  classical  biophysics,  electrophysiological  analyses  successfully  constructed 
the  framework  to  explain  how  these  ion  channels  operate.'  In  most  cells,  however, 
channels  are  less  dense  and  many  species  of  channels  are  often  co-localized.  keeping  us 
from  studying  those  ion  channels  in  detail.  Furthermore,  we  did  not  have  experimental 
methods  to  verify  the  biophysical  interpretations  of  channel  functions. 

Introduction  of  molecular  biology  has  revolutionized  our  approach  to  the  under¬ 
standing  of  ion  channels.^  Firstly,  cloning  and  sequence  analysis  of  complementary 
DNAs  (cDNAs)  has  revealed  the  primary  structure  of  ion  channels,  providing  the 
perspective  of  further  biochemical  analyses  and  a  rational  basis  for  tertiary'  structure 
prediction.  Secondly,  channel  proteins  can  be  over-expressed  from  the  cloned  cDNAs 
in  various  cells  for  functional  characterization  and  possibly  for  future  X-ray  crystallogra¬ 
phy.  And  thirdly,  we  can  modify  the  channel  proteins  using  recombinant  DNA  tech¬ 
niques,  which  allows  us  to  test  the  biophysical  interpretations  by  analyzing  the  site- 
specifically  mutated  ion  channels.  This  article  deals  with  identification  of  the 
channel-forming  region  and  analysis  of  the  effects  of  site-specific  mutations  on  ion 
permeation  properties  of  the  nicotinic  acetylcholine  receptor  channel  and  the  voltage¬ 
gated  sodium  channel.  Possible  inferences  on  the  molecular  basis  of  ion  permeation 
through  ion  channels  are  also  discussed. 

NICOTINIC  ACETYLCHOLINE  RECEPTOR  CHANNEL 

Idenadcadon  of  Pore-forming  Region 

The  nicotinic  acetylcholine  receptor  (AChR)  is  an  archetypal  ligand-gated  channel. 
It  is  a  pentameric  transmembrane  protein  composed  of  four  kinds  of  homologous 
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subunits  assembled  in  the  molar  stoichiometry  02^78  and  arranged  pseudosymmetri- 
cally  around  a  central  channel.  The  hydropathy  analysis  revealed  that  each  subunit 
has  four  hydrophobic  segments  (M1-M4),  which  are  presumably  transmembrane 
segments. 

The  Torpedo  and  bovine  AChR  channels,  expressed  in  Xenopus  oocytes  by  injecting 
the  respective  sets  of  mRNA  specific  to  a,  3,  y,  and  8  .subunits,  showed  different 
single-channel  conductance  at  low  divalent  cation  concentration.'  By  analyzing  hybrid 
AChRs  in  which  a  bovine  subunit  was  substituted  for  the  corresponding  Torpedo 
subunit,  the  difference  in  conductance  between  the  Torpedo  and  bovine  channels  was 
found  to  be  ascribable,  at  least  partly,  to  a  difference  in  their  8  subunits.  To  localize 
that  part  of  the  8-subunit  molecule  responsible  for  the  difference,  we  measured  single- 
channel  conductance  of  the  AChRs  containing  chimeric  8  subunits  in  which  portion 
of  the  Torpedo  8  subunit  were  systematically  replaced  by  homologous  regions  of  the 
bovine  8  subunit.  The  results  su^ested  that  the  region  comprising  the  M2  hydrophobic 
segment  and  its  vicinity  contains  an  important  determinant  of  the  rate  of  ion  transpon 
through  the  AChR  channel.  They  also  su^ested  that  this  region  is  responsible  for 
the  reduction  in  channel  conductance  caused  by  divalent  cations 

In  an  attempt  to  identify  those  amino  acid  residues  that  interact  with  permeating 
ions,  we  systematically  introduced  mutations  into  the  Torpedo  AChR  subunits  cDNAs 
so  that  the  net  charge  of  the  charged  or  ^utamine  residues  around  the  M2  segment 
was  w  .wicd  (Fig.  I)."*  These  mutant  AChRs  were  tested  for  single-channel  conductance. 
The  results  showed  that  reduction  in  net  negative  charge  of  glutamic  acid  262  of  the 
a  subunit  (aE262)  and/or  of  the  residues  at  the  equivalent  positions  of  the  3.  Y.  and 
8  subunits  resulted  in  decreased  conduaance.  An  approximately  inverse  relationship 
was  found  between  channel  conductance  and  change  in  total  net  negative  charge. 
This  observation  suggested  that  the  residues  in  this  cluster  are  located  equidi.stantlv 
from  the  channel  axis.  Analogous  experiments  in  the  cluster  at  a.spartic  acid  2J8  of 
the  a  subunit  (aD238)  and  the  residues  at  the  equivalent  positions  of  the  3.  Y.  and 
8  subunits  revealed  a  similar  inverse  relationship.  Reducing  the  net  negative  charge 
of  the  cluster  of  glutamic  acid  241  of  the  a  subunit  (aE241)  and  the  residues  at 
the  equivalent  positions  of  the  other  subunits  showed  a  much  .stronger  reduction  in 
conductance.  These  findings  suggested  tiiat  these  three  clusters  of  negatively  charged 
and  glutamine  residues  at  thea-subunit  positions  238,  241 ,  and  262  and  the  equivalent 
positions  of  the  other  subunits  are  major  determinants  of  the  rate  of  ion  transport, 
the  intermediate  cluster  being  more  critical.  T  hese  amino  acid  residues  are  next  to  or 
near  the  M2  segment,  probably  forming  three  anionic  ring-like  structures 

Single-channel  conductance  of  the  AChR  channel  is  affected  by  diviJent  cations 
The  mutation  aE262K  reduced  sensitivity  to  extracellular  Mg;  ‘  without  affecting  that 
to  cytoplasmic  Mg'  * .  On  the  other  hand,  the  mutation  aD2  3  8K  reduced  sensitivity  to 
only  cytoplasmic  Mg'*.  These  results  suggested  that  the  anionic  rings  at  aD2  38  and 
aE262 ,  which  are  involved  in  interactions  with  Mg'  * ,  constitute  part  of  the  cytoplasmic 
and  the  extracellular  ring  of  the  channel,  respectively.  The  inward  and  the  outward 
current  of  the  mutant  8E255Q  were  less  sensitive  to  extracellular  and  cytoplasmic 
Mg'* ,  respectively.  The  intermediate  ring  is  therefore  involved  in  the  interaction  with 
Mg'*,  and  was  suggested  to  be  located  between  the  cytoplasmic  and  extracellular 
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FIGURE  t.  Regions  surrounding  the  M2  segment  of  the  a,  P.  y.  and  5  subunits  of  the  Torpedo 
califomtca  AChR.  The  relevant  amino  acid  sequences  with  one-letter  code  are  aligned,’’  and  the 
positions  of  the  Ml  and  M2  hydrophobic  segments  are  indicated.  The  four  arrows  indicate  the 
cytoplasmic,  intermediate,  central,  and  extracellular  rings.  Negatively  charged  residues  are  boxed  with 
solid  lines.  The  numbers  of  amino  acid  residues  subjected  to  site-specific  mutations  are  given  (From 
Imoto  et  aT  Reprinted  with  permission.) 


rings.  The  one-sided  effect  on  Mg^  *  sensitivity  of  the  mutations  provided  experimental 
evidence  to  prove  the  membrane  topology  of  the  three  anionic  rings,  in  which  the 
M2  hydrophobic  segment  is  a  transmembrane  segment  with  the  Ml -M2  ponion  on 
the  cytoplasmic  side  and  with  the  M2-M3  portion  on  the  extracellular  side.  Since 
both  the  cytoplasmic  and  intermediate  ring  are  located  in  the  MI -M2  portion,  this 
portion  probably  forms  pan  of  the  transmembrane  segment  containing  the  M2  seg¬ 
ment.  This  transmembrane  segment  probably  constitutes  at  least  pan  of  the  channel 
lining  (Fig.  2). 


FIGURE  2.  Schematic  presentation  of  three  anionic  rings  and  one  uncharged  polar  ring  as  major 
determinants  of  the  rate  of  ion  transport  through  the  AChR  channel.  Amino  acid  residues  in  the 
four  rings  are  represented  in  one-letter  code. 
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Channel  Constriction 

For  further  characterization  of  the  ion-conducting  pore  of  the  AChR  channel, 
uncharged  polar  amino  acid  residues  of  the  AChR  subunits  between  the  cytoplasmic 
and  the  '■xtracellular  ring  were  mutated  so  that  the  size  and  polarity  of  their  side  chains 
were  altered  (Fig.  I Threonine  244  of  the  a  subunit  (aT244)  and  the  uncharged  polar 
residues  at  the  equivalent  positions  of  the  other  subunits  are  predicted  to  reside  at 
0.8  a-helix  turn  from  the  residues  forming  the  intermediate  ring,  facing  the  channel 
pore.  When  single-channel  conductances  of  mutant  channels  (in  which  the  residues 
aT244,  PS250,  and  8S258  were  altered)  were  plotted  against  the  volume  of  the 
substituted  side  chain,  two  classes  of  effect  became  evident,  one  resulting  from  hy¬ 
drophobic  substitutions  and  the  other  resulting  from  polar  substitutions.  In  each  case, 
an  approximately  inverse  relationship  was  found  between  channel  conductance  and 
size  of  the  substituted  side  chain.  When  the  substituted  side  chains  compared  were 
similar  in  size,  stronger  reductions  in  conductance  were  observed  for  hydrophobic 
substitutions  than  for  polar  substitutions.  These  results  indicated  that  both  the  size 
and  polarity  of  the  residues  aT244,  (}S250,  and  8S258  are  critical  for  determining 
the  rate  of  ion  transport,  and  suggested  that  these  residues  come  into  close  contact 
with  permeating  cations.  Thus  their  side  chains  likely  take  pan  in  forming  a  narrow 
channel  constriction.  These  residues,  together  with  yT25'3,  probably  form  a  ring-like 
structure.  Interestingly,  the  extent  of  reduction  in  conductance  varied  depending  on 
the  subunit  into  which  the  mutations  were  introduced.  Stronger  effects  were  generally 
observed  for  the  mutations  of  8S258,  panicularly  when  the  subunit  stoichiometrs’ 
of  UiPyS  was  taken  into  consideration.  In  contrast,  the  mutation  of  YT2.n  caused 
much  smaller  changes  in  conductance.  The  results  suggested  that  individual  residues 
at  this  position,  particularly  yT255,  are  not  symmetrically  arranged.  Similar  mutational 
studies  of  aS248  and  the  serine  residues  at  the  equivalent  positions  of  the  other 
subunits  as  well  as  aS252  suggested  that  the  channel  pore  is  larger  in  cross  section 
at  these  positions. 


Ion  Permeation  Properties  of  Mutated  Channels 

The  AChR  channel  was  regarded  as  a  water-filled  pore''  because  the  permeabilits' 
sequence  of  this  channel  is  like  that  of  free  solution  mobility  of  alkali  metal  cations 
(Rb*  —  Cs‘’>K*>Na*>Li*).  The  sin^e-channel  conductance  sequence  of  the  AChR 
channel,  however,  was  K*>Rb*>Cs*>Na*>Li* ,  which  is  different  from  the  mobility 
sequence.  This  finding  showed  that  there  must  be  at  least  one  AChR  channel  region 
that  selects  between  large  alkali  metal  cations  not  according  to  their  mobility  in  water. 
Since  mutations  in  the  three  anionic  rings  affected  the  channel  conductance,  we  exam¬ 
ined  contributions  of  the  three  anionic  rings  in  determining  the  permeability  and 
conductance  sequence  of  the  AChR  channel  (Fig.  1).’  The  mutant  6E2.^.f^Q,  in  which 
the  negative  charge  was  neutralized,  showed  reduced  conductances  for  all  cations 
tested,  but  most  strikingly  the  condumnce  ratios  of  Cs*  to  K*  (gvJgK)  and  Rb*  to 
K*  (gRb/gx)  were  much  smaller  than  those  of  the  wild-type  channel.  The  conductance 
sequence  was  K  *  >Rb  *  >Na  *  >Cs  *  >Li  * .  The  permeability  sequence  of  this  mutant  was 
K  *  >Rb  *  ~  Na *  >Cs *  >Li  .  Thus  both  the  permeability  and  conductance  sequences  for 
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this  mutant  channel  showed  a  shift  in  ion  selectivity  in  the  same  direction  in  terms 
of  conductance  and  permeability  ratios  gcs/gK  and  Pqk/Pk-  An  analogous,  but  less 
marked,  change  in  conductance  ratios  was  observed  for  the  mutant  PE247Q.  The 
changes  in  conductance  ratios  caused  by  the  mutation  8E255Q  were  compensated 
by  combining  this  mutation  with  an  additional  mutation  in  the  intermediate  ring  in 
another  subunit,  yQ2  JOE,  which  by  itself  did  not  appreciably  affect  the  ion  permeation 
properties.  The  results  showed  that  the  side  chains  of  negatively  charged  amino  acids 
in  the  intermediate  ring  are  important  in  determining  ion  selectivity. 

The  mutant  8E255D,  in  which  the  size  of  the  side  chain  was  reduced  without 
altering  its  charge,  showed  gcJgK  and  gRb/gK  ratios  larger  than  those  of  the  wild-type 
channel.  The  conductance  sequence  of  this  mutant  was  Rb'  —  K*>Cs'>Na'>Li'. 
A  similar  change  in  conductance  sequence  was  observed  for  the  mutant  pE247D. 
These  results  suggested  that  the  size  of  side  chains  in  the  intermediate  ring  is  also 
important  in  alkali  metal  cation  selection.  No  substantial  change  in  conductance  ratios 
resulted  from  the  mutation  aE262K  in  the  extracellular  ring  or  from  the  mutation 
aD2  38K  in  the  cytoplasmic  ring. 

To  gain  more  insight  into  the  molecular  basis  of  the  ion  selection  mechanism, 
we  estimated  the  pore  size  of  mutant  AChR  channels  by  measuring  permeability  for 
various  organic  cations.®  The  sequence  of  permeability  relative  to  Na*  of  the  wild-type 
channel  was  ammonium  >  methylamine  >ethylamine  >  ethanolamine  >  diethanolam¬ 
ine  >  tris(hydroxymethyl)aminomethane.  From  the  relationship  between  the  observed 
permeability  ratios  and  the  ion  radius,  the  pore  size  of  the  wild-type  channel  was 
estimated  to  be  7.43  A.  These  results  were  consistent  with  the  previous  observations.’ 
The  mutant  yQ2  JON,  in  which  the  size  of  the  side  chain  of  the  amino  acid  residue  in 
the  intermediate  ring  was  reduced  without  altering  the  net  charge,  showed  significantly 
increased  permeability  ratios  of  organic  cations.  The  pore  size  of  this  mutant  w  as 
estimated  to  be  7. 98 A.  Analogous  substitutions  in  the  a,  P,  and  8  subunits  also 
resulted  in  increased  permeability  ratios,  although  different  in  degree  among  the  sub¬ 
units.  Because  changes  in  the  size  of  the  side  chain  are  expected  to  result  in  alterations 
of  the  pore  size,  our  observation  provided  experimental  evidence  that  the  physical 
dimension  of  the  pore  at  the  intermediate  ring  is  a  determinant  of  the  permeability 
properties  of  the  AChR  channel. 

The  mutant  8E2JJQ,  in  which  the  negative  charge  in  the  intermediate  ring  was 
neutralized,  markedly  reduced  the  permeability  ratios  of  organic  cations  (except  for 
ammonium  ion).  The  pore  size  of  this  mutant  was  estimated  to  be  6. 1 7  A .  A  similar 
but  less  marked  reduction  in  permeability  ratio  was  caused  by  analogous  mutations 
aE24lQ  and  PE247Q.  The  mutation  yQ2J0K  resulted  in  a  larger  reduction  of  the 
permeability  ratios  (except  for  ammonium  ion)  than  did  the  mutation  8E2  JJQ.  The 
changes  in  the  permeability  ratio  caused  by  the  mutation  8E2JJQ  were  compensated 
for  by  combining  this  mutation  with  an  additional  mutation  in  the  intermediate  ring 
in  another  subunit,  yQ2J0E,  being  analogous  to  that  observed  for  the  conductance 
ratios  of  alkali  metal  cations.  These  results  suggested  that  the  negative  charge  at  the 
intermediate  ring  is  another  determinant  of  the  permeability  of  organic  cations.  We 
further  observed  that  the  changes  caused  by  8E255Q  were  also  compensated  for  by 
combining  an  additional  mutation  yQ2  JON,  which  reduced  the  size  of  the  side  chain. 
The  permeability  ratios  of  organic  cations  were  not  affected  by  changing  the  size 
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(aD2J8E  and  aE262D)  or  the  net  negative  charge  (aD238K  and  aE262K)  of  the 
side  chains  in  the  cytoplasmic  and  extracellular  rings. 

The  effect  on  the  permeability  ratios  of  changing  net  negative  charge  in  the  interme¬ 
diate  ring  may  suggest  that  the  channel  would  be  less  permeable  to  bulky  compounds 
because  reduction  in  net  negative  charge  would  weaken  electrostatic  attraction  of 
organic  cation  into  the  narrow  channel  constriction.  Alternatively,  however,  the  results 
suggested  that  decreasing  the  net  negative  charge  in  the  intermediate  ring  reduces  the 
pore  size.  Our  finding  suggested  that  negative  charges  in  the  intermediate  ring  are  also 
struaurally  important  in  sustaining  the  channel  pore  by  electrostatic  repulsion  between 
the  charged  side  chains. 


Predicted  Architecture  of  AChR  Channel 

This  series  of  mut^enesis  work  on  the  AChR  channel  allowed  prediction  of  the 
architecture  of  the  open  channel.  The  inner  wall  of  the  channel  is,  at  least  partly, 
composed  of  the  M2-containing  transmembrane  segments  of  each  subunits.  There 
are  three  anionic  rings  and  one  uncharged  polar  ring,  which  are  major  determinants 
of  the  rate  of  ion  transport  through  the  AChR  channel  (Fig.  2).  Among  those,  the 
residues  in  the  central  ring  and  those  in  the  intermediate  ring  form  a  narrow  channel 
constriction,  while  the  channel  pore  is  larger  in  cross  section  on  both  sides  of  this 
constriction.  Since  the  uncharged  polar  residues  of  the  central  ring  and  the  anionic 
and  uncharged  polar  residues  of  the  intermediate  ring  are  adjacent  to  each  other  on 
the  assumed  a-helices  of  the  M2-containing  transmembrane  segments  of  the  individual 
subunits,  the  channel  constriction  is  suggested  to  be  confined  to  a  small  region  compris¬ 
ing  these  two  rings,  which  is  close  to  the  cytoplasmic  side  of  the  membrane.  A  simplistic 
estimate  of  its  length  would  be  one  a-helix  turn  (5.4  A),  which  agrees  with  the  value 
obtained  from  streaming  potential  measurements  (3-6  A).'"  The  negatively  charged 
residues  in  the  cytoplasmic  and  extracellular  rings  may  be  important  for  concentrating 
permeant  cations  at  the  mouths  of  the  channel. 


SODIUM  CHANNEL 

Identification  of  Pore-forming  Region 

The  voltage-gated  sodium  channel  is  a  membrane  protein  that  is  essential  for  the 
generation  of  action  potentials  in  excitable  cells.  When  the  primary  structures  of  rat 
sodium  channels  I  and  If  were  elucidated  by  cloning  and  sequencing  of  the  cDNAs, 
the  S2  hydrophobic  segment  in  each  of  the  four  internal  repeats  of  homology  was 
hypothesized  to  contribute  to  forming  the  inner  wall  of  the  channel,"  partly  on  the 
analogy  of  the  postulated  structure  of  the  AChR.  Mutations  in  the  S2  segment, 
however,  did  not  significantly  affect  the  single-channel  conductance  of  the  sodium 
channel  (Imoto,  unpublished  observation).  Meanwhile,  a  single  point  mutation  E387Q 
of  rat  sodium  channel  II  was  found  to  abolish  sensitivity  of  the  sodium  channel  to 
tetrodotoxin  and  saxitoxin.'^  In  addition,  another  mutation  D384N  almost  completely 
eliminated  ionic  currents  without  preventing  gating  function  as  judged  by  gating  cur- 
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rents."  These  results  suggested  that  D?84  and  E387  are  located  at  the  extracellular 
mouth  or  inside  the  ion-conducting  pore  of  the  channel.  D384  and  E387  belong  to 
the  short  segment  SS2  in  the  region  between  the  S5  and  S6  hydrophobic  segments 
in  repeat  I.  In  each  repeat  the  S5-S6  region  was  thought  to  contain  two  short  segments. 
SSl  and  SS2,  that  may  partly  span  the  membrane  as  a  hairpin  and  the  SS2  segments 
was  postulated  to  form  part  of  the  channel  lining."  "  We  systematically  introduced 
mutations  in  the  region  encompassing  the  SS2  segment  of  each  of  the  four  repeats, 
focussing  mainly  on  charged  residues,  and  tested  the  mutated  channels  for  sensitivity 
to  tetrodotoxin  and  saxitoxin  and  single-channel  conductance." 

In  all  four  repeats,  mutations  were  found  that  made  the  ICi,,  (half-inhihitor\’ 
concentration  of  the  peak  current)  for  tetrodotoxin  and/or  saxitoxin  more  than  100 
times  larger  than  the  wild-type  values.  These  mutations  involved  changes  in  the  charge 
of  the  residues  D384.  E387,  E942,  E94f,  KI422,  Ml42.f.  AI714,  and  D1717  (Fic 
3).  Charge  mutations  at  other  positions  produced  only  minor  or  insignificant  changes 
in  toxin  sensitivity.  Mutations  without  a  change  in  the  net  charge  (D384E  and 
MI425Q)  and  at  other  positions  of  the  SS2  .segment  (VV368V'  and  W943\')  also  had 
minor  or  insignificant  effects.  All  of  the  mutations  involving  a  decrea.se  in  net  negative 
charge  that  strongly  reduced  toxin  sensitivity  also  caused  a  marked  decrease  in  single¬ 
channel  conductance.  These  results  showed  that  the  sensitivity  to  tetrodotoxin  and 
saxitoxin  of  the  sodium  channel  is  strongly  reduced  by  mutations  of  specific  amino 
acid  residues  in  the  SS2  segment  of  each  of  the  four  internal  repeats.  These  residues 
were  located  in  two  clusters,  the  residues  in  each  cluster  being  equis  alently  positioned 
in  the  aligned  sequences.  It  was  suggested,  therefore,  that  these  two  clusters  of  predomi¬ 
nantly  negatively  charged  residues,  probably  forming  ring-like  structures,  line  part  of 
the  extracellular  mouth  and/or  the  pore  wall. 
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FIGURE  5.  Regions  encompassing  the  SS2  segment  ot  the  tour  repeats  ot  rat  soJium  channel  II 
Ihe  relevant  amino  acid  sequences  with  onc-lctter  code  are  aligned,  and  the  positions  ot  the  SSI 
and  SS2  segments  are  indicated  ”  Negatively  charged  residues  are  hoxed  with  solid  lines  and  posit ix  cly 
charged  residues  w'ith  broken  lines.  The  numbers  ol  amino  acid  residues  sulijected  to  site*spccitic 
mutations  arc  given  I  he  positions  of  the  clusters  of  residues  that  have  been  ideniiticd  a.s  ma|(H 
determinants  of  toxin  sensitivity  are  indicated  hv  arrowheads  (From  I  crlau  et  al  ^  Reprinted  with 
permission.) 
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Ion  Permeation  Properties  of  Mutated  Channels 

From  a  physiological  point  of  view,  the  calcium  channel  is  distinct  trom  the  sodium 
channel  in  terms  of  ion  selectivity.  However,  when  the  primary  structure  of  the 
calcium  channel  was  determined,  it  turned  out  that  the  sodium  channel  and  the  calcium 
channel  are  homologous  both  in  amino  acid  sequence  and  in  proposed  transmembrane 
topology,''  If  the  amino  acid  sequences  in  the  regions  encompassing  the  shon  segment 
SS2  of  the  four  repeats  of  sodium  and  calcium  channels  are  aligned,  the  positions 
corresponding  to  one  of  the  two  amino  acid  clu.sters  that  determine  the  toxin  sensitivit  v 
of  the  sodium  channel  arc  occupied  by  glutamic  acid  in  all  four  repeats  of  calcium 
channels  (Fig.  4).  At  these  positions  of  the  sodium  channels,  repeats  I  and  II  have 
negatively  charged  residues,  but  repeat  Ill  has  a  positively  charged  residue  (K1422) 
and  repeat  IV  has  an  uncharged  residue  (A  17  14).  These  differences  in  charge  in  the 
regions  likely  to  form  part  of  the  channel  lining  led  to  the  idea  that  they  might  under¬ 
lie  the  difference  in  the  ion  selectivity  of  sodium  and  calcium  channels.  Therefore 
we  examined  ion  permeation  properties  of  mutated  sodium  channels  in  which  glu¬ 
tamic  acid  wis  substituted  for  KI422  (KI422E),  for  A17I4  (A17I4E),  or  both 
(K1422E-A1714E).''' 

While  the  strict  ion  selectivity  for  Na'  over  K  ',  Rb  '.  and  Cs'  is  a  defining 
property  of  the  wild-type  sodium  channel,  the  mutant  K1422E  was  highly  permeable 
to  KT  Rb*,  and  Cs*  as  well  as  Na’,  l,i’,  and  NH4*.  When  the  reversal  potential 
was  measured  precisely  using  macro-patch  technique  with  defined  ion  compositions 
on  both  sides  of  the  membrane,  the  calculated  permeability  ratio  of  K  ’  relative  to 
Na'lPK/f’si;  w'ithout  taking  permeation  of  Ca'  *  into  account)  was  0.69  for  the  mutant 
KI422E  and  0.15  for  the  mutant  A1714E,  whereas  the  Pk/Psj  for  the  wild  type 
was  0. 3 .  These  results  indicated  that  these  mutant  channels  lost  the  high  ion  sclectis  itv 
for  Na*  over  K*  of  the  wild-type  channel. 

In  addition,  current  records  of  the  mutant  channels  showed  marked  outward 
rectification,  which  suggested  that  the  external  Ca’’  might  block  the  mutant  channels 
much  more  potently  than  the  wild-type  channel.  Fherefore  dependence  on  extracellular 
Ca’*  of  the  inward  current  observed  in  oocytes  expressing  the  mutant  KI422E  was 
examined.  As  the  external  Ca’*  concentration  was  decreased,  the  inward  current 
became  larger  When  Na’  in  external  medium  was  entirely  replaced  by  Ca  ’  or 
Ba’  ’ ,  large  inward  currents  were  observed,  indicating  the  mutant  K 1422E  was  highU 
permeable  to  Ca’  ’  and  Ba’’ .  Thus  the  inward  current  of  the  mutant  K 142  2  E  showed  an 
anomalous  mole-fraction  dependence  on  external  Ca’  ’  concentration.  This  relationship 
was  very  similar  to  that  observed  for  native  calcium  channel,  although  the  lC.<,i  value 
of  K1422E  was  higher  by  two  orders  of  magnitude  than  those  of  native  calcium 
channels.  The  inward  current  through  the  mutam  M  7 1 4E  was  also  blocked  by  exteriuil 
Ca’ ' .  When  the  mutants  K1422E  and  A 1  7  I  -  vre  combined,  the  resulting  double 
'  mutant  K1422E' A I  714E  showed  even  high  tsitivitv  to  Ca’’  than  the  mutant 

with  single  amino  acid  substitutions.  The  inw  .u  :  urrent  through  the  double  mutant 
i  was  stron^y  reduced  at  500  |lM,  but  increased  inward  current  was  observed  witb 

increased  Ca’’’  concentrations.  From  the  lCi„  value,  inward  current  was  estimated 
to  be  carried  mainly  by  Ca’’,  even  at  5(K1  pM. 
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These  results  indicated  that  the  amino  acid  residues  K 1 42  2  and  A 1 7 1 4  are  critical 
in  determining  selectivity  of  Na’^  over  K  *  and  also  in  distinguishing  the  sodium  channel 
from  the  calcium  channel  with  respect  to  ion  selectivity.  They  also  suggested  that 
these  sites  of  the  sodium  channel  and  corresponding  sites  of  the  calcium  channel  form 
part  of  the  selectivit}  filter  of  these  channels. 


CONCLUDING  REMARKS 

The  analyses  of  ion  permeation  properties  of  site-specifically  mutated  AChR  chan¬ 
nels  and  sodium  channels  allow  us  to  speculate  on  the  overall  plan  of  the  open  channels, 
although  direct  information  of  the  tertiary  structure  of  the  ion  channel  proteins  remains 
to  be  obtained.  At  first,  from  a  methodological  point  of  view,  the  fact  that  a  large 
number  of  site-specific  mutations  have  been  successful  suggests  that  channel  proteins 
can  usually  accommodate  a  few  amino  acid  substitutions.  At  least,  by  systematically 
introducing  mutations,  we  can  distinguish  designed  local  effects  of  mutations  from 
unexpected  global  and  conformational  effects. 

The  systematic  mutational  work  on  the  AChR  channel  shows  that  the  critical 
part  of  the  open  channel  is  relatively  short.  It  means  that  there  must  be  a  really  steep 
voltage  drop  across  the  channel  constnaion.  If  we  assume  10  mV  voltage  drop  over 
a  length  of  I  nm,  this  voltage  gradient  corresponds  to  100  kV/cm,  which  is  1,000 
times  more  steep  than  that  used  in  electrophoresis  for  nucleotide  sequencing.  This 
steep  drop  of  membrane  potential  should  generate  a  strong  driving  force  for  permeating 
ions.  The  constriction  should  be  shon  in  length  also  to  be  effective  in  transporting 
ions.' 

Current  analyses  of  mutated  AChR  channels  and  .sodium  channels  show  that  ion 
permeation  properties,  conductance  and  ion  selectivity,  are  determined  by  interactions 
between  a  limited  number  of  amino  acid  residues  and  permeating  ions.  The  finding 
that  these  residues  are  well  conserved  among  channels  from  various  species  supports 
their  importance.  These  residues  are  often  charged  residues.  Classical  biophysics  stressed 
the  importance  of  the  pore  size  and  the  electrostatic  interaction  in  determining  ion 
selectivity  of  the  ion  channels.'  Our  studies  have  by  and  large  supported  those  classical 
views,  demonstrating  that  both  the  pore  size  and  the  fixed  charge  are  major  determinants 
of  the  rate  and  selectivity  of  ion  transport.  Negatively  charged  residues  are  probablv 
critical  in  attracting  permeating  cations  into  the  selectivity  constriction,  while  negativelv 


FIGURE  4.  Alignment  of  the  ammo  acid  sequences  (in  one-letter  code)  in  the  regions  encompassing 
the  .SS2  segment  of  the  four  repeats  of  dirterent  sodium  and  calcium  channels  fhe  sequences  from 
top  to  bottom  are  rat  brain  sodium  channel  II";  rat  brain  sodium  channel  Ilf,  rai  hean  I  sodium 
channel’*;  rat  skeletal  muscle  pi  sodium  channel '  ,  Eketropborus  tleancus  elect roplax  sodium  channel 
rabbit  brain  calcium  channel  Bf ;  rabbit  cardiac  dihydropyridine  (DMP)-scnsitivc  calcium  channel’', 
and  rabbit  skeletal  DHP-sensitive  calcium  channel  "  I  he  numbers  of  the  amino  acid  residues  in  each 
sequence  are  given  on  the  right-hand  side  I'he  positions  of  the  SSI  and  SS2  segments  are  indicaicd 
The  positions  of  the  clusters  of  residues  that  have  been  identified  as  major  determinants  of  toxin 
sensitivity  are  indicated  by  arrowheads  (From  Hcinemann  rt  a/"  Reprinted  with  permission  ) 
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charged  residues  at  the  mouth  contribute  to  accumulation  of  cations.  Our  AChR 
work  also  demonstrated  the  importance  of  hydrophilic  environment.  Uncharged  polar 
residues  in  the  channel  constriction  would  contribute  to  dehydration  of  permeating 
cations  by  replacing  some  of  the  water  molecules  of  their  hydration  shell . '  We  speculate 
that  cooperation  of  the  charged  and  uncharged  polar  residues  at  the  channel  constriction 
ensure  the  high  cation  selectivity  without  hampering  the  high  rate  of  ion  transport. 
The  possibility  that  changes  in  net  charge  alter  ion  permeation  properties  by  affecting 
local  structures  cannot  be  ne^ected,  as  our  AChR  work  suggested. 

Involvement  of  a  positively  charged  residue  (K1442)  in  Na*  selectivity  was  rather 
unexpected.  Since  substitution  of  glutamic  acid  for  this  lysine  confers  calcium-channel 
properties  on  the  .sodium  channel,  this  lysine  may  be  important  in  preventing  too  much 
Ca^*  accumulation.  The  same  may  be  the  case  for  A1 7 14.  Furthermore,  electrostatic 
attraction  between  aspartic  acid  in  repeat  1  (D384)  and  K1422  would  result  in  a  smaller 
pore,  presumably  being  suitable  for  selection  of  smaller  alkali  metal  ions  (Li  *  and  Na ' ) 
over  larger  ions  (K* ,  Rb* ,  and  Cs')-  However,  recent  repons  of  the  primary  sequence 
of  other  sodium  channels  indicate  that  this  lysine  is  not  always  conserved.’"  ^ '  Functional 
studies  of  these  new  types  of  sodium  channel  are  awaited. 

Our  knowledge  of  the  molecular  mechanisms  of  ion  permeation  is  still  very  limited 
and  fragmented .  Experimental  results  including  those  discussed  here,  however,  cenainly 
refine  consideration  of  model  systems.  More  systematic  and  comparative  mutational 
studies  will  be  necessary  for  understanding  how  ions  permeate  the  membrane.  The 
determination  of  the  tertiary  structure  of  channel  proteins  remains  essential. 
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Assembly  of  Potassium  Channels'^ 
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INTRODUCTION 

Voltage-gated  potassium  channels  are  present  in  both  excitable  and  non-excitable 
cells  and  serve  a  variety  of  biological  functions.’’*  Unlike  other  channels,  e  g.,  sodium 
channels  and  acetylcholine  receptor  (AChR)  channels,  a  combination  of  low  abun¬ 
dance,  high  heterogeneity,  and  lack  of  high  affinity  ligands  makes  the  purification  and 
biochemical  analysis  of  potassium  channels  very  difficult.  The  first  potassium  channel 
gene  to  be  isolated  was  cloned  from  Drosophila  and  based  on  a  mutant  phenotype, 
the  loss  of  an  A-type  potassium  current  in  both  neurons  and  mu.scles. Subsequently, 
a  large  number  of  the  genes  and  their  splice  variants  that  encode  related  potassium 
channels  have  been  isolated  from  a  variety  of  species  and  tissues.  Electrophysiological 
studies  of  the  channels  expressed  in  Xenopus  oocytes  have  shown  that  the  functional 
form  of  the  potassium  channel  is  a  multimeric  protein  complex,  likely  a  tetramer  " 
The  cloned  channels  are  classified  into  four  subfamilies:  Shaker,  Shaw,  Shah  and  Shab. 
Only  polypeptides  in  the  same  subfamily  can  form  heteromultimeric  channels  when 
coexpressed  in  Xenopus  oocytes.''*  Their  distinct  but  overlapping  expression  patterns 
in  mammalian  brain  are  compatible  with  the  idea  that  the  characteristics  of  the  excitabil¬ 
ity  of  specific  neurons  derive  from  the  particular  sub.set  of  potassium  channel  genes 
that  they  express  and  the  types  of  heteromultimeric  and  homomultimeric  channels 
that  are  thus  formed  in  the  cell.”  '" 

Based  on  sequence  comparison,  all  cloned  potassium  channels  share  a  common 
design.  Each  subunit  consists  of  a  sin^e  polypeptide  that  can  be  divided  into  three 
domains:  a  hydrophobic  domain  with  six  putative  transmembrane  segments  flanked 
by  two  (amino  and  carboxyl)  cytoplasmic  hydrophilic  domains.  The  molecular  events 
Involved  in  the  formation  of  functional  channels  are  poorly  understood.  Here  we 
discuss  experiments  indicating  that  the  interaction  between  amino-terminal  domains 
of  subunits  is  critical  for  channel  assembly  and  determines  the  compatibility  of  polypep¬ 
tides  in  the  formation  of  heteromultimeric  channels. 


■'  This  work  was  supported  by  the  Helen  Hav  Whitney  Foundation  (M  1. )  and  Howard  Hughes 
Medical  In.stitute  (L  Y  J  and  Y  N  J ) 

*  Present  address:  Department  of  Molecular  and  ('.ell  Biology,  229  Stanley  Hall,  L  niversity  ot 
('.alifornia,  Berkeley.  CA  94270 
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Specific  Association  between  the  Hydrophilic  Amino-Terminal  Domains 

Comparison  of  amino  acid  sequence  of  potassium  channels  in  the  Shaker  subfamily 
reveals  a  high  degree  of  amino  acid  sequence  similarity  within  the  hydrophilic  amino- 
terminal  domatns. This  region  is  not  dispensable  since  the  deletion  of  this  region 
in  ShB  (a  splice  variant  Shaker  gene)  eliminates  the  functional  expression.’"  To  test 
whether  the  hydrophilic  domain  is  involved  in  subunit  assembly,  we  first  asked  whether 
this  domain  associates  and  forms  multimers.  The  amino-terminal  domain  was  cloned, 
expressed  in  bacteria,  and  purified.  It  behaved  in  gel  filtration  column  as  two  discrete 
species  corresponding  to  monomers  (?6  kD)  and  multimers  (140  kD).  I'he  size  of  the 
multimer  is  consistent  with  that  of  a  tetramer.'  This  indicates  that  there  is  a  specific 
homophilic  interaction  involving  the  amino-terminal  domain. 

If  the  association  is  physiologically  relevant,  coexpression  of  the  ammo-terminal 
hydrophilic  domain  with  the  full  length  potassium  channel  polypeptide  should  result 
in  association  between  amino-terminal  domains  that  do  not  form  channels  with  the 
full  length  subunits,  thus  reducing  the  number  of  functional  channels  formed  by  the 
full  length  polypeptides  as  homomultimers.  To  test  this  hypothesis,  the  cRNAs  that 
encode  either  amino-terminal  domain  or  the  full  length  ShB  polypeptide  sverc  coex- 
pressed  in  Xenopus  oocytes.  These  cRNAs  have  identical  5'  and  3'  untranslated  se¬ 
quences  and  the  amount  of  cRNA  injected  was  adjusted  to  avoid  saturation  of  the 
translation  machinery  of  the  oocyte.  The  formation  of  functional  channels  was  tested 
by  two-electrode  voltage  clamp.  The  current  amplitude  decreased  by  at  least  a  factor 
of  ten  when  equal  mass  of  cRNA  for  the  amino-terminal  domain  and  cRNA  for 
ShB  was  coexpressed.'  The  probable  explanation  is  that  the  amino-terminal  domain 
co-assembles  with  full  length  polypeptides  and  results  in  nonfunctional  channels. 


FIGURE  1.  Homophilic  association  of  ShB  amino-tcrminal  hydrophilic  domains  (NShB)  revealed 
by  binding  'T-labeled  NShB  fusion  protein  to  immobilized  ShB  and  NShB  (A)  Diagrammatic  repre¬ 
sentation  of  the  fusion  protein  expressed  in  bacteria  At  the  ammo-terminus  of  the  fusion  protein 
is  a  short  peptide  (the  "FLAG!,  which  is  recognized  bv  the  commerciallv  available  antibods'  to  FLAG 
(Immunex  Corporation),  and  two  heart  muscle  kinase  sites  I  he  transcription  w.ls  drisen  bv  T' 
polymerase.  Single-letter  amino  acid  codes  are  A.  Ala-  R.  Arg:  .N.  \\n.  D.  ,\sp.  C.  Cs  s  Q.  Gin. 
E,  Glu,  G,  Gly;  H,  His;  1,  lie,  L,  Leu;  K,  Lys.  M,  .Met;  F,  Phe,  P.  Pro,  S.  Ser,  1 ,  Thr;  W.  Frp 
Y.  Tyr,  V,  Val  (B)  Binding  of  NShB  to  .ShB  and  NShB,  hut  not  to  the  carho.vs  l-terminal  domain 
of  ShB  (CShB)  Proteins  (5  pg/lanc)  were  fractionated  bv  SDS-PAGF  (lanes  1  to  \2)  and  either 
visualized  by  Coomassie  blue  staining  (lanes  .?  and  6)  or  transferred  onto  a  nitrocellulose  filter  (lanes 
1  to  4,  7  to  12):  0  and  46  represent  total  protein  of  SF'V  cells  at  0  and  46  hours  after  infection  bs 
the  3A1  strain  of  recombinant  baculovirus  carrying  ShB  cDNA  The  labels  NShB  and  CShB  above 
the  blot  on  the  right  indicate  lysates  of  IPTG  (isopropyl  (3-o-ihiogalactosidc)-induced  (lanes  u  and 
1 1)  and  noninduced  flanes  10  and  12)  bacteria  that  contain  the  expression  vector  for  IP  FOinduced 
expression  of  NShB  (amino  acids  1  to  227)  and  CShB  (ammo  acids  479  to  676)  fusion  protein, 
respectively.  Rabbit  antisera  to  NShB  (anti-NShB)  and  CShB  (anti-CShB)  were  obtained  In  immuniz¬ 
ing  the  rabbits  with  purified  N.ShB  and  CShB  fusion  protein,  respecinelv  T  hese  antibodies  (dilution 
1/10,000  and  1/500)  were  used  in  immunoblots.  they  specifically  recognize  the  ShB  polyix'ptide 
(82  kD)  expressed  in  SF9  cells  (lanes  I  to  4),  as  does  ''P-lahcled  NShB  (lanes  7  ,ind  8)  Flic  NShB 
but  not  the  CShB  fusion  protein  is  recognized  by  "P-labclcd  N.ShB  (lanes  9  to  12)  (From  1 1  rf  al 
Reprinted  with  permission  ) 
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To  identify  the  sequences  required  for  the  homophilic  interaction  of  the  amino- 
terminal  domain,  we  used  a  filter  binding  assay  to  test  the  interaction  between  ’’P- 
labeled  polypeptides  and  immobilized  polypeptides.  The  development  of  the  filter 
binding  assay  is  based  upon  the  observation  that  many  unfolded  proteins  can  be 
refolded  into  their  native  conformation  either  in  solution  or  after  immobilization  on 
a  solid  support.  The  specific  interaction  of  the  ’^P-labeled  amino-terminal  domain, 
but  not  the  carboxyl-terminal  domain,  with  the  full  length  ShB  polypeptides  was 
detected'  (Fig.  1).  The  immobilized  protein  preparation  was  the  total  cell  lysate. 
Although  the  ShB  polypeptides  constituted  less  than  2%  of  the  total  protein  loaded, 
they  account  for  the  only  detected  interaction  with  '’P-labeled  amino-terminal  do- 
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mains.  The  sensitivity  of  assay  is  within  100  picogram  range  and  is  partly  dependent 
on  immobilization  efficiency.  The  minimum  sequence  requirement  for  the  interaction 
was  mapped  within  a  fragment  of  1 14  amino  acid  residues  (amino  acids  8  3  to  196 
of  ShB)  (Fig.  2).' 


Specificition  of  the  Formation  of  Heteromultimetic  Channel 

Among  genes  in  the  Shaker  subfamily,  there  is  more  than  70%  amino  acid  identity 
within  the  1 14  amino  acid  fragment  critical  for  association  (Fig.  2,  B).'  Most  of  the 
30%  divergence  is  located  on  the  amino  end  of  the  region;  it  remains  to  be  tested 
whether  most  residues  between  position  83  and  196  are  necessarv'  for  the  homophllic 
interaction.  To  test  whether  the  compatibility  between  the  different  members  of  Shaker 
subfamily  in  forming  heteromultimers  is  reflected  by  the  ability  of  their  hydrophilic 
amino-terminal  domains  to  interact,  we  expressed  the  amino-terminal  domain  of  a 
mammalian  homolog  of  ShB,  RCKl .  Indeed  this  fusion  protein  can  specifically  a.ssoclate 
with  itself,  with  the  full  length  ShB  polypeptide,  and  with  the  ShB  amino-terminal 
domain.' 

The  cloned  potassium  channel  genes  have  been  clas.sified  into  four  subfamilies: 
Shaker,  Shal,  Shab,  and  Shaw.  The  amino  acid  identity  in  the  hydrophobic  domain 
is  70%  for  genes  within  a  given  subfamily,  while  this  number  drops  to  about  40% 
between  genes  in  different  subfamilies.  Electrophysiological  studies  have  shown  that 
only  coexpression  of  genes  from  the  same  subfamily  in  Xenopus  oocnes  will  result  in  the 
formation  of  heteromultimeric  channels.  To  test  whether  the  Incompatibility  between 
potassium  channels  from  different  subfamilies  could  be  due  to  incompatible  interactions 
between  their  hydrophilic  amino-terminal  domains,  we  constructed  a  chimeric  cDN'.\ 


FIGURE  3.  Formation  of  functional  heteromultimeric  channels  by  .ShB  and  .i  chimera  of  ShB 
and  DRKl  This  chimera,  NShBA6-46/TmCDRKl.  ha.s  ihe  hydrophobic  core  region  and  the 
carboxyl-terminal  domain  of  DRKl ;  the  hydrophilic  amino-terminal  domain  ot  DRK 1  (amino  .icuK 
I  to  180)  is  replaced  with  that  of  ShB  (amino  acids  I  to  22b).  .ind  an  intem^il  deletion  ot  .imnio 
acids  6  to  46  of  ShB  is  introduced  to  remove  fast  inactivation  I  his  is  show  n  schematic.ilK  m  the 
diagrams  in  (A  through  C),  ShB:  solid  line.  DRK  1 ;  dotted  line  I'hc  chimera  was  tunctionally  csprc'sed 
in  Xenopus  oocytes  and  produced  currents  (B)  that  resembled  the  DRKl  K'  current  (CV  in  both 
cases  the  current  activated  much  more  slowly  than  the  ShB  K'  current  (A)  Coexpression  ot  ShB 
and  the  chimera  gave  rise  to  currents  of  ditferent  w  aveform  (D)  from  those  due  to  co-expression  ot 
ShB  and  DRK  1  (E)  (G)  The  current  due  to  co-expression  of  ShB  and  DRK  1  (elicited  at  <■  fiO  m\  . 
solid  line)  is  similar  in  waveform  to  that  generated  by  digital  addition  of  ShB  and  DRKl  currems 
(dotted  lines,  with  ratios  of  the  two  currents  indicated  on  the  right  of  the  traces),  it  maiches  the 
simulation  of  ShB  DRKl  =  1  1 .2  (F)  The  current  due  to  co-expression  ot  ShB  and  the  chimera  i.n 
+  60mV,  solid  line)  does  not  match  a  simulation  at  any  raiios  The  currents  were  elicited  hv  S  Cmsec 
test  pulses  at  +  20  mV,  -r  40  mV,  and  +60  mV  from  a  holding  potential  ot  -  100  m\  1  he  lop 
traces  in  (B)  and  (C)  were  generated  by  900-msec  test  pulses  at  +  60  m\’  1  he  interval  between  test 
pulses  was  3  seconds  Fhc  horizontal  scale  bar  is  5(K)  msec  tor  inisened  panels  m  (Bl  and  (O  and 
20  msec  for  all  other  traces.  The  vertical  scale  bar  is  0  5  pA  for  (A),  (D),  (E),  0  14  pA  lor  (B)  0  24 
pA  for  (C);  1  1  pA  for  the  inserted  panel  in  (B);  19  pA  for  the  inserted  panel  in  (O  F.-ich  trace 
shown  IS  representative  of  records  from  at  least  4  oocvtes  (From  1  i  et  at  Reprinied  w  ith  permiccion  I 
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that  carries  the  ShB  (Shaker  suhtamily)  amino-terminal  domain  and  DRKKShab  sub¬ 
family)  hydrophobic  and  carboxvl-terminal  domains.  This  cDNA  induced  a  current 
similar  to  that  of  DRKl.  Unlike  DRXl ,  however,  the  chimeric  channel  polypeptide 
was  able  to  associate  with  ShB  polypeptides  to  form  heteromultimers  with  novel 
kinetic  properties  (Fig.  3). 


F  G 
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Biochemical  and  physiological  studies  demonstrate  that  the  highly  conserved  region 
in  ShB  hydrophilic  amino-terminal  domain  is  critical  for  the  formation  of  functional 
channels.  In  addition  the  amino-terminal  domain  is  the  determinant  for  specifying  the 
formation  of  heteromultimeric  channels.  Studies  from  mutagenesis  in  conjunction 
with  electrophysiological  analysis  have  shown  that  the  hydrophobic  core  regions  of 
the  potassium  channel  are  involved  in  channel  assembly.’"-'  The  interaction  between 
subunits  in  the  hydrophobic  domain  should  be  critical  for  preserving  the  integrity  and 
function  of  the  ion  conducting  pathway.  Such  an  interaction  may  also  account  for 
the  observation  that  a  null  mutant  of  ShB  carrying  a  deletion  of  the  amino-terminal 
domain  suppresses  the  formation  of  the  functional  channels  by  full  length  ShB  polypep¬ 
tides.  In  summary,  we  propose  that  there  are  at  least  two  regions  important  for  subunit 
interaction  and  formation  of  functional  potassium  channels;  (/)  a  highly  conserved 
hydrophilic  sequence  located  before  the  first  putative  transmembrane  segment,  (2)  a 
less  well  defined  region  in  the  hydrophobic  domain  The  hydrophobic  regions,  at  least 
between  the  Shaker  and  Shab  subfamily  genes,  are  compatible  in  forming  a  functional 
channel,  even  though  their  hydrophobic  domains  show  onlv  40%  ammo  acid  identity. 
The  amino-terminal  domain  of  Shaker  subfamily  genes  per  se  can  as.semble  to  form 
multimers  and  this  association  may  determine  the  compatibility  in  the  formation  of 
heteromultimeric  channels. 

The  hydrophilic  amino-terminal  domain  of  the  Shaker  potassium  channel  alone 
dominantly  suppresses  the  formation  of  a  functional  channel  bv  full  length  polypep¬ 
tides.'  Although  the  detailed  mechanisms  at  the  cellular  level  remain  to  be  studied, 
this  observation  itself  indicates  that  cDNA  for  the  hydrophilic  a.ssociation  domain  is 
a  useful  reagent  for  studying  the  physiological  function  of  the  potassium  channels.  It 
should  be  possible  to  use  this  construct  to  remove  the  function  of  endogenous  gene 
product(s).  This  can  be  an  imponant  complementary  approach  to  the  experiments  of 
knockout  of  potassium  channel  genefs)  by  homologous  recombination  in  embrs  onic 
stem  (ES)  cells. 
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INTRODUCTION 

X'oltagf-gatccI  (X)ta,s.sium  (K  >  channels  are  membrane  [sn^eins  resptsnMhIe  for 
control  of  cell  excitability  A  number  of  different  voltage-gated  K'  channeU  \sere 
clectrophvsiologicallv  identified  and  were  demonstrated  to  regulate  action  potential 
repolanzation.  modulate  firing  pattern,  and  set  the  resting  membrane  potential  Re¬ 
cently,  the  molecular  genetic  approach  has  uncovered  a  div  erse  group  of  voltage-gated 
K’  channel  genes.’'  Expression  studies  of  these  genes,  combineil  with  mutation.d 
experiments,  have  revealed  sever.d  important  Ntructur.il  elements  involved  in  channel 
activation,  inactiv.ition.  and  ion  permeation  ^  " 

In  contrast  with  the  extensiv  e  research  of  the  structure-function  relationship,  onlv 
a  few  studies  focused  on  the  filn siological  correlations  helwceii  the  K'  channels 
expressed  from  cloned  cDN.Xs  and  native  channels  in  a  panicular  cell  One  m.i|or 
reason  is  that  these  cDNAs  were  isol.ned  from  whole  brain  tissues  in  mosi  instances 


'  fills  wdrk  was  sii|)[«iric'cl  in  |un  In  itraiiis  Iidiii  the  lapaiuse  Minisirv  nl  l  iliK.iiicm  'sociuc 
&  (ailtiirc  .mil  Ijv  iIu-  liiiul  tor  nuslu.il  Ircatnuni  nl  rMcrlv  Iroiu  K.ina/.ivv  a  I  nivcrsitv  SJuicil  ot 
.Meilkinc 

.Xdilrcss  uirrcsjxiniU  iHr-  Dr  ll.irulnrn  I  lig.isliul.i 
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This  makes  it  difficult  to  compare  the  currents  expressed  in  heterologous  exprcssicjn 
systems  with  those  in  cells  of  the  native  tissue. 

To  avoid  this  complexity,  we  have  used  a  simple  mammalian  neuronal  NG 108-1 
cell  line."  This  mouse  neuroblastoma  x  rat  glioma  hybrid  cell  line  expresses  well- 
characterized  K*  currents,  such  as  delayed  rectifier,’’  slowly  inactivating  voltage- 
activated  K*  currents,"  M-current,'^  and  Ca’* -activated  K‘  currents.’’  VVe  hav'c  iso¬ 
lated  two  cDNAs  encoding  voltage-gated  channels  from  NG 108-1 5  cells:  NGKl  and 
NGK2.'^  NGKl  protein  is  structurally  more  closely  related  to  the  Drosophila  Shaker 
voltage-gated  K*  channel  gene  product,  whereas  NGK2  protein  is  more  closely  related 
to  the  Drosophila  Shaw  voltage-gated  K'  channel  ..e  product.  In  the  new  nomencla¬ 
ture  proposed  by  Chandy  et  al.,"  NGKl  and  NGK2  are  designated  as  rat  Kvl  .2 
(rKvl  ,2)  and  mouse  Kv3 . 1  (mKv?  .  1),  respectively  Subsequently,  a  second  alternatively 
spliced  KvJ.l  transcript  encoding  different  carboxyl  terminus  has  been  identified  in 
the  rat  brain’’’  and  mouse  T  lymphocytes.  ’"  Here  we  follow  the  designation  by  Grissmer 
rt  a/.'”:  mKv3  .  la  for  NGK2  and  mKv3.1b  for  the  second  alternatively  spliced  product. 

In  the  present  report,  we  measured  the  rKv  1 .2  and  the  mKv3 . 1  a  currents  expressed 
in  two  heterologous  systems,  Xenopus  oocytes  and  mammalian  fibroblast  cells  at  macro¬ 
scopic  and  microscopic  levels  Then  we  compared  them  with  the  native  voltage-gated 
K*  channels  in  NG108-15  cells. 


Expression  of  the  mRNAs  for  the  Kvl.2  and  KvS.l  Genes  in  .\CI08-J.f  Cells 

RNA  preparations  from  NG108-1.^  cells  were  subjected  to  blot  hybridization 
analysis  with  probes  from  rKvl  . 2  or  mKv3  lacDNAs.  Thesizeofthe  rKvl  . 2  mRNA 
in  NG  108-1 5  cells  was  estimated  to  be  ~  10,000  bases  (Fig  1  ,A;  lane  I ),  in  agreement 
with  the  data  obtained  from  the  rat  brain.’"  The  size  of  the  mKv 3. la  mRNA  was 
estimated  to  be  ~  7,000  bases. ’■*  In  addition,  upon  longer  exposure  to  the  autoradio¬ 
gram,  poly  (A)'  RNA  from  NG108-1  5  cells  exhibited  an  additional  faint  signal  corre¬ 
sponding  to  sizes  of  ~  4,000  nucleotides  (Fig.  I  ,A:  lane  2).  1  he  —  4,0()0-nucleotide 
RNA  species  may  suggest  the  presence  of  the  mKv  3. 1  b.  The  amount  of  Kv3 .  la  mRNA 
appeared  to  be  much  larger  than  that  of  Kvl  .2  mRNA  These  data  indicate  that  the 
mKv3  la  protein  may  be  one  of  the  major  components  responsible  for  one  or  t«o 
types  of  voltage-gated  K'  channels  seen  in  NG108-17  cells.  We  also  examined  the 
parental  neuroblastoma  cell  line,  N18  rG2,  and  related  cells.  The  ~  7,000-nucleotide 
transcript  hybridizablc  with  mKv3.1a  probe  was  detected  in  NL308  mouse  neuro¬ 
blastoma  X  mouse  fibroblast  hybrid  cells’'’  (Fig.  l.B.  lane  2).  but  not  in  other  neuro¬ 
blastoma  or  hibrid  cells  (Fig.  1,B  lanes  I,  3.  5.  6)  The  -- 4,000-nucleotidc  RNA 
species  was  not  detectable  Fhe  level  of  mKv3  1  mRNA  appears  to  differ  in  various 
neuronal  cells,  altho'  nore  sensitive  experiments  should  be  performed  for  a  detailed 
analysis. 

It  has  been  reported  that  in  the  adult  rat  brain,  the  ~  4,^00-nucleotide  transcript 
IS  predominant,”' ■"  whereas  the  —  7.(K)0-nueleotide  transcript  is  predominantK'  ex¬ 
pressed  in  the  embryonic  and  perinatal  rat  brain  '  Interestinglv.  transfection  of  the 
human  Ha-ras  oncogene  has  been  shown  to  induce  the  predominant  expression 
of  the  ~  7,0(X)-nuclcotide  transcript  in  the  mouse  At  120  cell  line,  derived  from 
an  anterior  pituitary  tumor  "  These  lines  of  evidence  indic.ite  that  the  mKv  !  l.i- 
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FIGURE  1.  Autoradiograms  of  RNA  blot  hybridization  analysis  I  he  RNA  samples  used  ss  ere  a> 
follows:  (A)  1 5pg  of  ftily  (A)'RNA  from  NG108-I5  cells  (B)  15  pg  of  total  RNA  from  (Lane  1) 
neuroblastoma  NI8TG2  x  B82  fibroblast  hybrid  NLIOV''  (Lane  2)  neuroblastoma  Nl8TCi2  x 
B82  fibroblast  hybrid  NL508.'''  (Lane  3)  NLIF,'”  (Lane  4)  B82  tibroblast  cells,''  (Lane  S)  N4'1'G 
neuroblastoma  cclls.‘''and{l.ane6)NI8TG2  neuroblastoma  cells  ’The  ~  7, OOO-nuclcotide  hybridiz¬ 
ing  band  is  indicated  by  a  closed  arrowhead,  and  the  ~  4,00()  nuclcotide  hybridizing  band  by  an 
open  arrowhead.  These  samples  were  electrophorcsed  on  a  1  07c  agarose  gel  containing  2  2  .\1 
formamide''  and  transferred  '  to  Biodvne  nylon  membrane  (Pall)  The  hybridization  ss  as  carried  out 
at  42‘’C  for  24  h  in  a  solution  containing  507c  formamide,  50  mM  sodium  phosphate  buffer  (pH 
7  0).  5  X  SSC,  2  50  pg/ ml  denatured  salmon  sperm  DNA,  0  1 7c  SDS,  0  1 7c  Kicoll.  0  1 7c  polwinvlpvr- 
olidone  0  1 7c  bovine  serum  albumin  and  -  I  5  x  10"  cpm/nil '’P-labeled  probes  The  probes  ss  ere 
(A,  Lane  1)  19  kb  PvuW/EcoM  fragment  from  XNGKI  2.3(i2.'"  (A.  Lane  2)  17  kb  Pit\/Bam\\\ 
fragment  from  pSPNGK2'"  and  (B)  ~0  44  kb  fioRl  fragment  from  XNGK2  5B1  '  1  he  blots  ssere 
wa.shed  at  60'’C  in  0  I  x  ,SSC!  containing  0  t7c  SDS  The  duration  of  autoradiography  at  -70'^C 
with  an  intensifying  screen  was  (A)  5  days  and  (B)  7  days  Ihe  size  markers  used  were  (A)  RNA 
ladders  from  Bethesda  Research  Laboratories  (size  in  kilobases)  and  (B)  rat  and  Esdvnibu  coh  rRN  As 


predominant  expression  in  NCI  108-  i  5  cell  may  be  closely  related  to  tumor  transforma¬ 
tion.  although  functional  distinction  between  Kv3 .  la  and  Kv.3 .  lb  is  not  vet  ascenained 
We  suppose  that  NGlOH-1 .5  cells  could  serve  as  an  excellent  system  for  exploring  the 
character  of  the  Kv?  la  channel  in  a  norm.iJ  cell  environment,  in  which  Kv.l  la  and 
other  K '  channels  are  functioning 
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Functional  Expression  from  the  cDNAs  in  Xenopus  Oocytes 

mRNAs  specific  for  the  rKv  1 ,2  protein  and  tor  the  mK\  3  1a  protein  were  synthe¬ 
sized  by  transcription  in  vitro  of  the  cloned  cDNAs  and  were  iniected  into  Xenopus 
oocytes.  The  peak  amplitudes  of  the  currents  expressed  in  oocytes  injected  with  rKv !  2 
or  mKv3.1a  mRNAs  were  proportional  to  the  dose  of  mRNA  (Fig  2).  Larger  mRNA 
doses  (12.5  ng/pl)  produced  larger  currents  of  3-25  pA.  As  shown  in  Tabi.f  1,  the 
currents  elicited  by  25  ng/pl  mRNA  solutions  decayed  slowly  during  1-sec  voltage 
steps  to  0  mV,  with  the  decrease  in  current  size  being  1.6+1 .6%  (mean  ±  S  F'-.M  , 
»  =  5)  of  the  peak  value  for  the  rKvl  .2  current  and  7.8  +  3  6%  {n  =  ~!)  for  the 
mKv3.  la  current,  respectively.  However,  when  we  used  2  5  ng/p!  mRNA  solutions, 
the  mKv3 .  la  currents (1  -  5  pA  in  .•■mplitude)  showed  three-  to  fourfold  i^reater  inactiva¬ 
tion  (27  +  8,8%,  n  =  11),  whereas  little  change  in  inactivation  was  observed  in  the 
rKvl.2  currents(3.5  ±  1,6%,  n  =  6).  At  this  mRNA  concentration,  inactivation  of 
the  mKv3.  la  current  varied  widely  and  the  maximal  inactivation  reached  76%  ;  there¬ 
fore  the  difference  in  the  size  of  inactivation  between  rKv  12  and  mKv3  1  currents 
became  marked.  In  the  subsequent  experiments,  we  used  2  5  ng/pl  mRN,\  solutions, 
giving  0,10-0.15  ng  mRNA  per  oocv'te. 

The  current  families  shown  in  Figcrf  3  are  examples  obtained  from  oocvies 
injected  with  the  rKvi.2-  or  mKv 3. la-specific  mRNA  (Fig.  3.  A  and  B).  These  were 
evoked  by  depolarizing  test  pulses  from  a  holding  potential  of  -60  m\'  In  oocytes 
expressing  rKvl.2  channels  the  threshold  for  current  activation  was  -  36  +  2  m\’ 
(n  =  1  7).  A  typical  example  of  current-voltage  (l-V)  relationships  is  show  n  in  Figi  rf 
3(C  and  E),  indicating  voltage-activated  current  At  0  m\'  the  current  amplitude  w  as 
1.7  +  0.3  pA  (n  =  13)  with  a  time  to  peak  of  163  ±  17  msec  Currents  in  oocvtes 
expressing  mKv3.1a  channels  (Fig.  3.  D  and  F)  were  activated  more  positivelv  than 
those  of  rKvl  .2  (-  14  +  2  mV,  n  =  22),  judging  from  the  I-\  curves  The  mKv  5  la 
current  amplitude  at  0  m\'  was  larger  (4.9  +  1 .2  p.\,  n  =  1 3)  and  time  to  peak  w  ,is 
faster  (75  +  9  msec,  n  =  19).  Furthermore,  the  time  to  peak  was  voltage  dependent, 
decreasing  with  increasing  depolarization 

The  voltage  dependence  of  steady-state  inactivation  was  assessed  bv  inactiv  atini; 
the  current  with  setting  for  10  sec  to  various  membrane  potentials  from  -60  m\' 
)ust  before  applying  a  voltage  step  to  0  m\’  for  5  sec  FiGt  kf  4  show  s  the  inactiv  ation 
curves  for  rKvl  .2  (Fig.  4,  A)  and  mKv3  la  (Fig.  4,B)  I'he  half-inactivation  potenti.ils 
for  the  peak  and  the  residual  current  at  the  end  of  the  5-sec  step  were  similar  for 
both  the  rKvl  2  current  and  the  mKv3.1a  current;  rKv  1  2  (peak.  -2V  +  2  m\  , 
steady  state,  -27  ±  3  mV,  n  ~  3);  mKv3  la  (peak,  -  3 1  ±  0  6  m\',  steadv  state, 
-28  +  4  mV',  n  =  4).  I'he  normalized  curves  arc  shown  for  the  peak  (Fit.  4,t.) 
and  steady-state  currents  (Fig.  4,D),  showing  complete  removal  of  inactivation  hetw  een 
-60  and  -90  mV  and  complete  inactivation  at  0  mV' 

As  already  demonstrated,  there  is  a  difference  in  the  rate  (Fit.  2,  A  and  B)  and 
amount  (Fig.  2,E  and  F)  of  inactivation  between  the  rKvl  .2  and  mKv  3  la  currents 
The  proportions  of  the  rKvl  .2  and  mKv  3  la  currents  that  had  in.ictiv  ated  at  the  end 
of  a  5-sec  pulse  were  46  +  6%  («  =  8)  and  84  +  3%  (n  =  18),  respectivelv  The 
inactivation  of  rKvl.2  currents  was  slow  (Fig  5, A)  and  best  fit  bv  two  e.xponenii.iK 
with  time  constants  of  4  4  +  0,7  sec  anvl  19  +  2  sec  (n  =  4)  mKv  3  |.i  eurrenis 
inactivated  very  much  faster  (Fit;,  3,  B  and  Fit.,  5,  B)  (0  3  7  +  0  04  sec  and  1  '  + 
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FIGURE  2,  Relationships  between  peak  amplitude  of  outward  currents  and  concentration  of  mRN  V 
solutions  injected  into  Xenopus  oocytes  Symliols  are  mean  currents  ( tS  1  M  ,  bars)  expressed  b\ 
rKvl  2-specific  niRNA (squares)  and  mKvMa-specilic  niRN  A  (circles)  niRN  Asused  sseresvnthesu’cd 
by  transcription  rn  vilre  of  each  cDNA  as  ilescribed  in  Yokoyania  ci  al  '  RN  A  solution  ssas  diluted 
with  distilled  water  to  the  indicated  concentration  Irom  a  stock  solution  (0  2'  Hi:  )ll)  Outward 
currents  were  recorded  in  response  to  500  msec  voltage  step  depolari/ation  to  0  m\  troin  a  holding 
potential  of  -60  mV'  in  4-10  oocvtes  Though  the  exact  amount  iiiRN'A  iniected  into  an  oocvte 
IS  assumed  to  receive  roughly  50  nl,  the  point  at  5  ng/pl  RNA  represents  0  21  ng  mRN.V  lor  each 
oocyte  (Modified  from  Ito  et  al  ’) 
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Table  1. 

Effect  of  mRNA  Injection  Dose  on 

Inactivation  of  Outward  Current 

mRNA 

Inactivation  of  Outward  Current  (%) 

(ng/uD 

rKvl .2  (n) 

mKvJ  la  (n) 

25 

2.5 

1  6±  1  6  (.0 
i.S±  1.6  (6) 

7.8  +  3.6  (7) 

27  +  8.8  (1  0 

Denuded  oocytes  i.sohued  from  one  frog  were  injected  with  about  50  nl  of  2  5  or  25  ng/^l  solution 
of  rKvl.2  or  mKvMa  mRNAs.  respectively.  All  current  recordings  were  made  on  the  fourth  dav  after 
the  injection  in  the  normal  frog  Ringer  solution  (in  mM):  115  NaCl,  2.5  K(!l.  1.8  C^aCl:,  10  Hf'PES 
pH  adjusted  to  7.2  with  NaOfl  Outward  currents  were  evoked  by  5  sec  voltage  step  depolarization  to 
0  mV  from  a  holding  potential  of  -60  niV'  Inactivation  w'as  calculated  bv  subtracting  currents  at  1  sec 
from  the  start  of  depolarization  from  peak  currents.  V'aiues  are  the  mean  ±  S.E  \1  in  n  individuals  in 
parentheses. 


0.08  sec  (n  =  5)),  and  with  the  slowest  decay  ot  1  9  ±  2  sec  (n  =  5).  The  same  time 
constants  were  obtained  for  rKvI.2  and  mKel  la  currents  evoked  at  different  pulse 
potentials. 

Table  2  summarizes  the  characteristics  of  rKv  1  2  and  mKv?  1  a  whole-cell  currents 
recorded  from  Xenopus  oocytes  together  with  the  transient ,  slow!  v  inactivating  outward 
whole-cell  current  reported  in  NG108-1.^  cells  by  Robbins  and  Sim T  The  activation 
and  inactivation  kinetics  of  the  NG108-1 5  transient  outward  current  seem  to  resemble 
the  mKv 3 . 1  a  current.  These  results  suggest  that  mKv3 . 1  a  channels  rather  than  rKv  1 .2 
channels  may  function  to  generate  the  slowly  inactivating  current  observed  in  NG 108- 
1  5  cells.  However,  there  is  one  difference  between  the  mKv3 .  la  current  and  the  native 
current  in  NG108-I  5  cells.  The  tetraethylammonium  (TEA)  sensitivity  of  the  mK\  5  la 
current  (ICw  0.034  mM)  was  lower  by  around  60-fold  in  the  native  current  (ICt,, 
=  2  mM).  This  may  suggest  that  the  TEA-insensitive  rKvl  .2  current  (ICt, ,  >  10 
mM)  and/or  other  currents  also  contribute  to  the  native  wf  ''le-cell  currents. 


Functional  Expression  from  cDNAs  in  Mammalian  Cells 

I'o  confirm  the  above  expression  studies  in  Xenopus  oocvtes,“  we  have  established 
transformed  B82  mouse  fibroblast  cell  lines  that  stably  express  the  rK\  1  2  and  mKv3  la 
gene  products. ''  Each  of  the  rKv  1 .2  and  mKv3 .  la  cDNAs  was  ligated  to  the  mamma¬ 
lian  expression  vector,  pKNHneo,  containing  the  simian  virus  40  (SV40)  earlv  pro¬ 
moters  and  an  amino^ycosidc-3'-phosphotransfcrase  gene.  Ihc  resulting  plasmids, 
pKNGKl  or  pKNGK2,  were  introduced  into  B82  cells  bv  the  cationic  liposome- 
mediated  transfection  method  and  stably  transformed  cell  lines  were  selected  bv  gcnct- 
icin.  Expression  of  each  transcripi  was  identified  by  RNA  blot  hvbridization  an.ilvsis 
(data  not  shown)  In  untransformed  B82  cells,  no  hybridization  signal  was  detected 
either  with  rKvl  2  prolK’  (data  not  shown)  or  with  mK\'3  la  probe  (Fit.  1 ,  B  lane  4) 
As  observed  in  mRNA-injcetcd  oocytes,  B82  fibroblast  cells  transformed  to  express 
rKvl  .2’'’  or  mKv3.  la  (Fic,.  6,  A)  exhibited  whole-cell  outward  currents  of  up  to  3-10 
nA  Parental  B82  cells  showed  outward  currents  less  than  40  pA.  ’'"  d  his  agrees  well 
with  the  observation  shown  in  EuaiRE  1(B),  in  that  no  mRNA  was  detectable  I  hc 
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Voltage  (mV) 

FIGURE  3.  Aaivation  of  K‘  currents  in  Xtnopm  oocytes  injected  with  solutions  (2  5  ng/jil)  of 
rKvl  2-specific  mRNA  (A.  C,  E)  and  mKv 5  la-specific  mRNA  (B,  D,  F)  (A  and  B)  Current  responses 
to  depolarizing  test  pulses  of  f  sec  to  indicated  potentials  from  a  holding  potential  of  -60  ni\' m 
voltage-clamped  oocytes  with  two  electrodes  (C  and  D)  Current-voltage  relationship  for  the  outss  ard 
currents  measured  at  the  peak  (open  symlwls)  and  at  the  end  of  the  pulse  (closed  symbols)  (E  and 
F)  Plots  of  currents  after  subtracting  the  amplitudes  at  the  end  of  the  pulse  from  the  peak  currents, 
showing  the  amount  of  inactivating  components  Data  of  (A,  C,  E)  are  obtained  from  the  same 
experiments  hut  (B,  D,  F)  are  not  (Modified  from  Ito  ft  al  ") 


mKvI.la  current  decayed  faster  and  more  profoundly  than  the  rKvl. 2  current  and 
resembled  the  transient,  slowly  inactivatingcurrent  in  NG108-I .?  cells.  I'he  inactivation 
of  the  mKv3.la  current  was  fitted  by  a  single  e.xponential  with  a  time  constant  of 
3. 1  sec.  The  mKv3.la  current  activated  at  potential  positive  to  -  20  m\  (Fig.  6.  .\ 
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Voltage  (mV) 


FIGURE  4.  Steady-state  inaaivation  of  (A)  rKvl  2  and  (B)  mKvMa  currents  from  one  oocste 
each.  Membrane  potential  was  held  at  -  100  mV,  prepulsed  for  10  sec  to  the  Indicated  voltages, 
and  stepped  to  a  test  pulse  of  0  mV  (5  sec  duration).  Peak  currents  (open  symbols)  and  currents  at 
the  end  of  the  pulse  (closed  symbols)  were  recorded.  The  ratio  I/Io  of  currents  at  the  peak  (C)  and 
at  the  end  (D)  was  plotted  as  a  funaion  of  the  prepulse  potentials,  where  lo  is  the  amplitude  at  -  90 
mV  and  /  is  at  test  potentials.  The  voltage  of  half-maximal  Inactivation  can  be  obtained  from  (O 
and  (D).  Lines  were  drawn  by  eye  fitting.  (Modified  from  Ito  et  al') 


and  C),  whereas  the  native  current  aaivated  at  slightly  more  negative  potential  than 
that  for  the  mKv3.1a  current  (Fig,  6,C). 

Furthermore,  we  measured  sin^e-channel  currents  from  the  transformed  fibroblast 
ceUs.  Figure  7  shows  representative  sin^e-channel  currents  flowing  through  the  rKv  1 .2 
and  mKv3.1a  channels.  Although  both  channels  usually  activated  in  response  to  step 
depolarization,  activation  thresholds  were  different.  The  rKvl  .2  channel  was  activated 
at  potentials  less  than  -  lOmVfFiG.  7,  A),  whereas  the  mKv  3.  la  channel  was  activated 
at  a  more  positive  potential  than  -  10  mV  (Fig,  7,  B).  Occasionally  lioth  channel.s 
displayed  partial  closure  states.  The  open  possibilities  of  the  rKvl. 2  channel  vsere 
always  higher  than  those  of  the  mKv3.ia  channel.  Notably,  the  mKv5  la  channel 
exhibited  long  periods  of  inactivity  at  potentials  more  positive  than  +  30  m\'  This 
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FIGURE  5.  Time  course  of  current  decay  during  depolarization  for  (A)  rKvl  2  and  (B)  rnKt  5  la 
Currents  evoked  by  command  pulses  to  0  mV  from  -  60  mV  for  f  sec  were  normalized  to  the  peak 
current  at  the  indicated  time  Each  point  represents  the  mean  +  S.E  M  of  four  rKvl  2  currents 
and  five  mKv3  la  currents  (Modified  from  Ito  et  at") 

tendency  was  not  obseived  in  the  rKvl  2  channel.  The  estimated  reversal  potentials 
of  the  rKvl. 2  and  mKvMa  channel  were  -  72  mV  and  -64  m\\  respectisely.'' 
The  slope  conductances  of  the  sin^e  rKvl, 2  and  mKvI.la  channel  were  1 1  pS  and 
1 8  pS,  respectively.  These  values  in  transformed  fibroblasts  are  smaller  than  previously- 
reported  values  measured  in  the  Xmofnis  oocvte  expression  system:  17,.^  ±  0.4  pS 
(n  =  S)  for  rKvl. 2  and  26  4  ±  1.7  pS  (?z  =  6)  for  mKvTla.’''  The  reason  is  still 
unknown. 

The  slowly  inactivating  outward  current  was  observed  in  NG 1 08- 1 5  cells,  which 
resembles  those  observed  in  mKv 3. la-transformed  cells.  But  the  outward  currents  in 
NG108-1 5  cells  began  to  open  at  slightly  more  negative  potential  (Fig.  6,  C).  To  .see 
in  detail,  we  performed  single-channel  recordings  on  NG108-1.3  cells  and  mKv.3  .1a- 
ansformed  cells.  The  channels  with  slope  conductance  of  2 1  9  +  1  7  pS  (n  -  11) 
jvere  frequently  observed  from  NGl08-i5  cells  (Fig.  8,  B),  and  20.0  ±  3.3  pS  (n  = 


Table  2.  Electrophysiological  and  Pharmacological  Parameters  of  K'  Currents 
Expressed  in  Oocytes  with  rKvl  . 2  mRNA  and  mKv3.1a  mRNA,  with  a 
Comparison  to  the  Tran.sient  Outward  Current  in  NG108-1.^  Cells 


rKvl  2 

mK\  3  la 

NG108-1  S 

Peak  current  at  0  mV  (jiA) 

17  +  0  3  (13) 

4  9+12(13) 

_ 

Activation  threshold  (mV) 

-  36  +  2  (17) 

-  14+2  (22) 

-  30 

Activation  time  (msec) 

163+  17  (IS) 

7S  +  9  (19) 

- 

Half-inactivation  of  peak  current  (mV') 

-29  +  2  (3) 

-31+06  (4) 

- 

Inactivation  removed  (mV) 

-60 

-90 

-  90 

Inactivation  completed  (mV') 

-  10 

0 

-  10 

90%  recovery  from  maximal  Inhibition  (s  i 

8  6+1  (3) 

.30+  1  (7) 

- 

TEA  sensitivity  (lCi„)  (mM) 

>10 

0  0  34 

■> 
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FIGURE  6.  1  ransient,  slowly  inactivating  currents  Records  from  an  N'Gl()8-lf  cell  (A)  and  a 
mKv!  la-transformed  fibroblast  cell  (B).  (A  and  B)  The  membrane  potential  was  held  at  -  100  ni\ 
and  stepped  to  0  mV,  20  mV',  and  40  mV  for  9  5  sec  N'oltage  pulse  protocols  are  shown  at  the  top 
Records  of  the  potential  were  low-pa,ss  filtered  at  !(M)  H/  and  sampled  at  200  Hr  (C)  Gurrcni-voltage 
relationship  for  the  outward  currents  from  mKv 5.  la-transformed  cells  (open  circles)  ansi  \G  108- 1  5 
cells  (closed  circles).  (Currents  were  measured  at  the  end  of  the  400  msec  step  command  Svmbols 
shoss'  means  of  1 3  and  16  records  from  mKv!  la-transformed  cells  and  N(  1108- 1  5  cells,  respectively 
Bars  indicate  SD,  Records  of  the  current  were  low-pass  filtered  at  1  kHz  ami  sampled  at  5  kHz 
Linear  leak  and  capacity  transient  were  subtracted  by  P/N  protocol  Cells  ssere  superlused  svnh 
HEPES-butfered  Ringer  solution  (in  m.M)  I  !4  NaCI,  5  4  Kfll.  0  8  .MgSO.,  I  1  NaHPCT.  1  8(la(T. 
5  NaH.'COi.  5  5  glucose.  10  HEPES,  pH  adjusted  to  7  4  ss  ith  NaGH  Lhe  electrodes  contained 
a  solution  of  the  following  composition  (in  mM)  150  KCll,  2  MgC  I.-,  0  1  C.aCll,.,  1  1  EG  LA,  ' 
HEPES  pH  adjusted  to  7  2  with  KOH  Electrodes  had  resistances  of  !-5  MOhm  .Membrane 
potentials  were  set  at  -  I  (X)  mV  using  a  single-electrode  voltage  clamp  amplifier  at  sss  itching  frequencs 
of7-10kflz.. 


25)  from  mKv3 .  la-transformed  cells  (Fic;  g,  A).  This  21  pS  channel  from  NCil08-l  ,5 
cells  appears  to  he  identical  with  that  of  NG108-15  cells  previously  described  b\ 
McGee  rta/  •'  Both  the  2  1  pS  channel  from  NG  lf)8- 1  5  cells  and  the  mKv .! .  la  channel 
from  transformed  fibroblasts,  exhibited  two  components  of  open  time  at  0  mV  with 
the  same  order  as  follows:  0.97  msec  and  6.7  5  msec  tor  the  21  pS  channel  from 
NCil08-1.5  cells.  0.69  msec  and  4. .5.5  msec  for  the  mKsH.la  channel  ’Fhese  twci 
channels  had  similar  reversal  potentials;  -61.8  +  7  4  mV  (n  =  1 1)  trom  NG108-1 5 
cells  and  -644  ±  12.5  mV  in  =  18)  from  mKvH.la-transformed  cells  But  they 
had  different  open  probabilities  at  0  mV :  0  40  +  0. 1 4  (rt  =  1  1 )  for  the  2  1  pS  channel 
from  NGI()8-I5  cells  and  0. 15  +  0. 12  («  =  18)  for  the  mKv.!  la  channel  Ihus, 
It  can  be  summarised  that  most  of  the  parameters  from  these  two  channels  showed 
similar  values  except  for  the  voltage  dependence  of  activation  However,  we  could 
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FIGURE  8.  Representative  single-channel  recordings  of  a  mKvl  la  channel  from  a  transformed 
cell  (A)  and  a  21  pS  voltage-gated  K'  channel  from  an  NGI08-15  cell  (B)  under  ccll-atiachcd 
configuration  The  voltage  pulse  protocol  is  shown  at  the  top  Records  were  low-pass  filtered  at  1 
kHz  and  sampled  at  f  kHz  Cells  were  superfused  with  a  solution  of  the  following  composition  (in 
mM)  I  50  potassium  aspartate,  5  MgCh.  5  EGTA,  10  glucose,  10  HEPES,  pH  adjusted  to  7  4  with 
KOH  The  patch  pipette  solution  used  was  the  same  as  in  Fic.  7 
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not  Identify  rKvl.2-likc  channels  out  of  47  successful  patches  from  NG 1 08-1  5  cells 
This  reasonably  agrees  with  its  low-level  mRNA  expression. 


CONCLUSION 

In  Xenopus  oocytes  and  mammalian  fibroblast  cells,  wc  expressed  the  rKvl  .2  and 
mKvMa  cDNAs  and  analyzed  the  channel  properties.  In  both  expression  sy.stcms. 
the  rKvl  .2  and  mKv 3  .  la  currents  exhibited  a  marked  difference  The  mKv3 . 1  a  current 
decayed  faster  and  greater  than  the  rKvl. 2  current,  but  much  slower  than  the  typical 
transient,  rapidly  inactivating  A-type  current,  which  occurs  within  20- .30  msec  The 
present  results  show  that  the  mKv3.1a  protein  is  the  essential  component  of  the 
voltage-gated  K'  channel  that  generates  the  transient,  slow'ly  inactivating  outward 
current  in  NG 108-15  cells.  Recently,  many  repons  of  transient,  slowly  inactivating 
outward  currents  have  been  described  in  the  mammalian  brain.’"  '"  They  display  the 
inactivation  time  course  similar  to  the  mKv3.1a  current  or  the  transient  outward 
current  in  NG108-1 5  cells.  It  would  be  of  interest  to  investigate  if  the  mKv3.  la  protein 
mav  contribute  to  such  current  tti  vivo. 
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INTRODUCTION 

Voltage-dependent  K*  channels  have  three  principal  functional  components:  the 
ion  conduction  pathway  or  pore,  a  voltage  sensor  responsive  to  changes  in  membrane 
potential,  and  a  mechanism  coupling  the  sensor  to  the  pore.  The  moving  parts  of 
the  coupling  mechanism  are  thought  to  be  gates.  An  electromechanical  model  of 
voltage-gated  K*  channels  depicting  these  components  is  shown  in  Figure  1. 

This  paper  deals  only  with  the  K*  pore.  A  linear  sequence  has  been  identified 
that  embodies  most  of  the  pore  and  the  experimental  evidence  supponing  this  conclu¬ 
sion  will  be  reviewed.  Within  the  pore,  residues  have  been  identified  that  are  involved 
in  ionic  selectivity  and  binding.  From  these  results  we  will  present  a  unique  3-barrel 
model  of  the  pore. 


LOCALIZING  THE  PORE  WITHIN  THE  LINEAR  AMINO  ACID 
SEQUENCE  OF  K+  CHANNELS 

The  linker  between  the  fifth  and  sixth  transmembrane  segments  (S.^-S6  loop)  is 
the  most  conserved  region  in  voltage-dependent  K*  channels.'  The  possibility  that  a 
homologous  region  in  Na*  channels  formed  the  channel  pore  was  raised  when  a 
^utamate“*'arginine  mutation  in  this  region  greatly  reduced  blockade  by  tetrodotoxin 
(TTX).^  The  first  functional  evidence  in  K*  channels  was  the  observation  that  open 
channel  block  of  a  Shaker  K‘  channel  by  the  peptide  toxin,  charybdotoxin,  was 
modified  by  point  mutations  in  the  S5-S6  loop.'  Other  point  mutations  in  the  linker 
affected  open  channel  block  by  the  small  quaternary  ammonium  ion  tetraethylammo- 
nium  (TEA).''  Yellen  et  al '  showed  that  internal  TEA  blockade  could  be  changed 

■’This  work  supported  in  pan  by  National  Institutes  of  Health  Grants  HI.J7044,  HI. .19262. 
HL36930,  and  NS23877  to  A  M  Brown  and  N.S29473  to  G  Kirsch 
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by  a  threonine~*serine  substitution  at  a  position  almost  midway  between  mutations 
producing  changes  in  external  TEA  blockade.  Yool  and  Schwarz"  showed  that  the 
same  mutation  involved  in  blockade  by  interna)  TEA  produced  large  increases  in  the 
relative  permeability  of  NH*'  as  did  a  nearby  phenylalanine"*serine  mutation. 

Rather  than  using  point  mutations,  Hartmann  et  at.  used  large  scale  mutagenesis 
to  identify  the  pore.  A  DNA  sequence  thought  to  embody  the  pore  of  two  related 
K*  channels  with  markedly  different  pore  propenies  was  transplanted  from  one  channel 
to  the  other.  An  NGK2-like  (KvJ  .l)*  K"  channel  had  a  conductance  of  about  26  pS 
and  was  sensitive  to  external  TEA  while  a  delayed  rectifier  K  ‘  channel  DRK 1  (Kv2  1 Y 
had  a  conductance  of  about  8  pS  and  was  sensitive  to  internal  TEA.  When  a  stretch 
of  DNA  that  encoded  2 1  amino  acids  was  transplanted  from  NGK2  (Kv3  . 1)  to  DRKl 
(Kv2. 1),  the  chimeric  channel  CHM  adopted  the  pore  behavior  of  the  parental  NGK2- 
like  (Kv3.1)  phenotype. 

With  regards  to  voltage  sensitivity,  the  behavior  of  the  chimeric  channel  resembled 
that  of  the  host  phenotype  DRK  1 .  The  fact  that  pore  properties  were  mainly  exchanged 
made  it  likely  that  the  effects  were  local  rather  than  ^obal  and  suggests  that  the  voltage 
.sensor,  gate,  and  pore  are  discrete  modular  structures.'*’ 

The  transplanted  sequence  of  amino  acids  included  the  mutations  of  Yellen  et  at. ' 
and  Yool  and  Schwarz."  From  considerations  of  the  length  of  the  sequence  involved 
and  the  positions  for  blockade  by  external  and  internal  TEA.  the  arrangement  favored 
for  the  pore  (P)  region  was  a  P-hairpin  of  18-20  amino  acids  (Fig.  2). 


FUNCTIONS  OF  RESIDUES  IN  THE  K*  PORE 


The  transplanted  K'  pore  was  studied  further  by  mutational  analysis  taking  advan¬ 
tage  of  the  differences  in  phenotype  and  genotype  (nine  residues)  differences  between 
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Kv2.1  PASFWWATTtrMTTpYGDflYPKTLL 
Kv3.1  -IG - VV - L - M--Q-WS 

CHM  - — y — y- 

FIGURE  2.  Model  of  a  K‘  pore.  The  loop  between  iransniemhrane  segments  5  and  6  of  C!H.M 
is  shown.  Nine  residues  account  for  the  differences  between  the  donor  NGK7  and  the  host  DRKl 
The  arrows  at  the  top  and  bottom  of  the  figure  indicate  the  residues  that  align  with  Shaker  residues 
responsible  for  blockade  by  charybdotoxin,  external  and  internal  TEA  Also  indicated  arc  the  residues 
at  positions  369  and  374  1  he  residues  determine  the  differences  in  |iorc  phenots  pe  betss  een  DRK 1 
and  NGK2. 

CHM  and  DRKl .  Point  reversions  in  CHM  outside  the  deep  pore  defined  bv  proline 
residues  at  361  and  3 8 1 ,  and  downstream  or  towards  the  C-terminus  from  P381  had 
either  no  effect  in  the  case  of  the  conservative  reversions,  or  had  consequences  predicted 
from  a  change  in  side-chain  charge  in  this  region  affecting  the  local  concentration  of 
K* The  substitution  Q382K  reduced  inward  and  outward  current  with  the  reduction 
in  inward  current  being  greater,  resulting  in  a  decrease  in  outward  rectification  of  the 
single  channel  current.  Similar,  but  less  marked,  results  were  obtained  for  M387K 
Within  the  deep  pore  or  tunnel  between  amino  acid  residues  361  and  381  there 
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were  four  differences  between  CHM  and  DRKl,  three  of  which  were  con.servative 
(Fig.  2).  The  reversions  at  368  and  379  had  little  effect.  Surprisingly,  the  conservative 
reversions  at  369  and  374  introduced  novel  phenotypes.  For  both  positions,  open  times 
were  shortened  almost  tenfold  but  for  V369I  the  shortening  was  due  to  stabilization  of 
an  inactivated  state  that  was  apparent  in  the  whole  cell  currents  producing  P-type 
inactivation.  For  L374V,  the  reduced  open  time  was  due  to  rapid  departure  from  the 
open  state  to  a  closed  state  and  the  currents  rather  than  inactivating  remained  steady 
during  standard  test  pulses.  In  L374V,  single  channel  K'  conductance  was  greatly 
reduced. 

The  next  surprise  was  that  combined  reversions  at  369  and  374  restored  the  host 
pore  phenotype.  None  of  the  other  five  possible  double  reversions  had  this  effect, 
suggesting  that  positions  369  and  374  interacted  with  each  other.  The  likelihood 
of  interaction  among  separate  subunits  was  confirmed  when  it  was  established  that 
co-injection  of  V3691  and  L374V  cRNAs  produced  channels  having  propenies  similar 
to  those  of  the  double  reversion.'^  This  result  implies  that  interaction  between  positions 
369  and  374  occurs  within  and  between  subunits. 

The  substitution  L374V  in  CHM  and  DRKl  switched  the  pore  from  being. selective 
for  K*  to  being  selective  for  Rb* ."  To  analyze  this  selectivity  filter,  extensive  substitu¬ 
tions  were  introduced  at  position  374.''*  We  found  that  hydrophobic  residues  favored 
Rb'  whereas  polar  residues  favored  K‘.  Hydrophobic  substitutions  enhanced  TEA 
blockade  consistent  with  a  hydrophobic  component  in  the  interaction  between  TEA 
and  the  pore.  Interactions  between  conducting  ions  and  TEA  blockade  led  to  an 
interpretation  in  which  both  the  side  chains  at  374  and  the  peptide  backbone  were 
involved  in  selectivity  and  internal  TE.A  blockade. 


PORE  OR  CORE  INACTIVATION 

Three  regions  of  the  amino  acid  sequence  of  K  ‘  channels  are  imponant  for  inactiva¬ 
tion,  the  N  terminus,  the  sixth  transmembrane  segment  S6.  and  the  P  region.  A 
comparison  of  the  inactivation  properties  expressed  by  alternatively  spliced  Shaker 
cRNAs  showed  that  differences  in  the  N  or  C  termini  were  responsible  for  differences 
in  rates  of  inactivation.'* 

An  N-terminus  stretch  of  1 9  residues  was  shown  to  be  responsible  for  fast  inactis  a- 
tion,  and  a  more  distal  stretch  of  residues  modified  the  rate  at  which  inactivation 
occurred,''’  This  gave  use  to  the  term  N-terminus  (N-type)  inactivation  and  the  ball-and- 
chain  physical  model  for  the  process. 

Inactivation  was  different  in  alternatively  spliced  Shaker  channels  that  shared  com¬ 
mon  N  termini  but  differed  in  C  termini  (C-type).'*  Sbak  A  and  B  channels  with  the 
same  N-terminal  deletions  differed  markedly  in  their  inactivation  rates. ' 

The  S6  residue  responsible  for  the  C-type  inactivation  in  Shaker  was  located  near 
the  external  mouth  of  the  pore.'*  In  lymphocytes,  a  His  at  a  corresponding  position  part 
of  the  external  TEA  receptor  when  protonated  produced  large  changes  in  inactivation  '  * 
Thus  residues  in  the  hydrophobic  core  as  opposed  to  the  charged,  non-hydrophohic 
N-terminus  appeared  to  contribute  to  inactivation  of  the  non-“bair  type.  Fbint  rever¬ 
sions  of  a  chimeric  K*  channel  showed  that  a  Val“*'Ile  reversion  at  a  position  in  the 
tunnel  or  deep  part  of  the  pore"  produced  a  novel  phenotype  with  the  unique  property 
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of  rapid  inactivation  but  unitary  conductance  was  unchanged.  Subsequently,  a  Val"*Ser 
substitution  at  the  same  position  produced  more  complete  inactivation  and  marked 
reduction  in  conductance,  confirming  this  position  to  be  in  the  pore.'’ 

P-type  inactivation  differed  from  C-type  inactivation  as  originally  described,  be¬ 
cause  external  TEA  rather  than  slowing  inactivation,  increased  channel  availability. 
At  higher  concentrations  external  TEA  did  produce  blockade.  It  was  unlikely  that 
the  pore  mutations  introduced  a  receptor  for  N-terminus  inactivation  since  internal 
TEA  scaled  the  current  downward  but  did  not  slow  inactivation. 

For  inactivation  produced  by  substitutions  of  pore  residues,  external  K*  slowed 
inactivation  and  increased  recovery  from  inactivation.  The  results  seem  to  indicate  a 
highly  complex  situation  in  which  TEA  and  K*  receptors  near  the  external  mouth 
of  the  pore  couple  to  an  inactivation  process  within  the  pore.  There  appears  to  be 
an  external  site  at  which  TEA  produces  blockade,  another  site  at  which  TEA  has  an 
enhancing  effect  on  K*  currents,  possibly  the  same  site  as  the  one  responsible  for  the 
enhancing  effect  of  Ko,  and  there  may  be  a  site  at  which  increased  K<,  slows  inactivation. 

The  effects  of  external  TEA  can  be  accounted  for  by  a  closed-closed-open-block 
model  including  transitions  between  C|  and  I4.  A  fifth  state  is  the  blocked  state  3, 
produced  by  higher  concentrations  of  TEA.  Thus,  wc  have: 

Cl  ,, - C2  — _  Oj  ,, - B5 


4 

The  l4~*'Ci**Oi  transitions  are  stabilized  by  lower  concentrations  of  TEA  and  enhance 
currents.  The  transition  is  stabilized  by  higher  concentrations  of  TEA  to 

produce  blockade.  The  potentiating  effects  of  increased  K,,*  were  accounted  for  simi¬ 
larly  while  omitting  Be 

P-  and  N-types  of  inactivation  can  be  compared  by  testing  the  effects  of  internal 
TEA  injected  into  oocytes  with  the  method  described  by  Ta^iaJatelarta/.’‘’For  N-type 
inactivation,  internal  TEA  prolonged  the  currents  whereas  for  P-type  inactivation 
internal  TEA  simply  reduced  the  currents.'’ 

Both  P-  and  C-types  of  inactivation  involve  residues  in  or  near  the  pores  and  may 
share  a  similar  mechanism.  They  may  be  distinguished  from  the  N-terminus  “ball” 
type  of  activation'"  and  from  deletions  of  the  C-terminus,  which  in  Kv2.1  increased 
the  rate  of  inactivation.^'  Since  the  distinction  lies  between  inactivation  mechanisms 
involving  the  non-conserved  cytoplasmic  N-  and  C-termini  and  inactivation  mecha¬ 
nisms  involving  the  conserved  hydrophobic  core,  a  more  suitable  nomenclature  would 
be  core  and  non-core  inactivation. 
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UNIQUE  P-BARREL  K+  PORE 

A  p-barrel  structure  composed  of  four  P-hairpins  has  been  proposed.’’  "  Based  on 
these  results,  two  more  specific  examples  of  p-barrel  K*  pores  have  been  described.’’  ’’ 
Neither  of  these  structures  predicts  the  results  presented  here.  Also,  they  do  not 
incorporate  new  findings  indicating  that  the  residues  at  374'^  and  369"  are  at  the 
surface  and  that  position  369  appears  to  be  closer  to  the  external  mouth  of  the  pore  '  ' 

VVe  have  developed  a  unique  P-barrel  model  that  deals  with  the  region  of  the 
pore  where  positions  369  and  374  interact.  The  strands  consist  of  amino  acids  364- 
371  and  372-389,  and  have  a  “right-handed”  tilt.  Intra-  and  inter-strand  hydrogen 
bonding  of  the  backbone  as  is  found  in  P-sheets  are  present.  Residues  369  and  3  74 
are  at  the  surface  and  residue  369  is  closer  to  the  external  mouth  than  residue  374. 
The  strands  are  joined  to  obtain  a  continuous  stretch  from  364  to  3  79  and  additional 
subunits  are  generated  by  fourfold  rotation  around  the  axis  of  the  P-barrel. 

The  side  chains  at  369  and  374  may  interact  between  subunits  and  within  a 
subunit,  residues  369  and  374  are  in  register  for  P-sheet  hydrogen  bonding. 

Small  energy  differences  resulting  from  mutations  at  3  69  and  374  produce  changes 
in  TEA  affinity  and  ion  conduction  and  these  are  explained  by  changes  in  van  der 
Waals  interactions.  Side  chains  that  are  too  large  or  have  altered  flexibilltv  may  have 
unfavorable  van  der  Waals  interaction,  leading  to  a  less  stable  barrel,  shortened  open 
times,  and  altered  ion  conduction.  Side  chains  that  are  too  small  produce  a  pore  that 
is  too  capacious  and  Rb*  is  preferred  over  K' When  the  side  chains  are  optimal, 
a  unique  K*  pore  phenotype  is  expressed. 
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INTRODUCTION 

Voltage-dependent  calcium  channels  play  important  roles  in  the  regulation  of  a 
variety  of  cellular  functions,  including  membrane  excitability,  muscle  contraction, 
synaptic  transmission,  and  secretion.'"'  Several  types  of  calcium  channels  are  known 
to  be  co-expressed  in  single  cells  and  different  types  of  cells  apparently  use  these  channels 
for  different  purposes.  We  are  interested  in  the  structure-function  relationships  of 
calcium  channels  and  the  molecular  basis  of  specialization  of  individual  types  of  channels 
for  particular  functions.  For  this  purpose  we  have  used  skeletal  muscle  and  cardiac 
dihydropyridine  (DHP)  receptor  cDNAs  as  important  representatives  of  the  voltage- 
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dependent  calcium  channels  and  have  used  primary  cultured  myotubes  of  skeletal 
muscle  from  dysgenic  mice  as  an  expression  system 


EXPRESSION  OF  SKELETAL  MUSCLE 
AND  CARDIAC  DHP  RECEPTOR 

Both  skeletal  muscle  and  cardiac  DHP  receptors  function  as  calcium  channels  and 
as  essential  components  of  excitation-contraction  (E-C)  coupling  but  these  two  kinds 
of  DHP  receptors  display  important  functional  differences.''  To  understand  the  molecu¬ 
lar  basis  for  these  differences,  we  have  injected  expression  plasmids  carrying  the  entire 
protein  coding  sequence  of  the  rabbit  skeletal  muscle  DHP  receptor  cDNA'  (pCAC6) 
or  the  cardiac  DHP  receptor  cDNA"  (pCARDI)  into  nuclei  of  dysgenic  myotubes 
in  primary  culture.'' ' 

As  a  consequence  of  a  mutation  of  the  gene  encoding  the  skeletal  muscle  DHP 
receptor,'  "  depolarization  does  not  cause  contraction  of  dysgenic  myotubes.""”  How¬ 
ever,  both  pCAC6-injected  and  pCARD  I -injected  dysgenic  myotubes,  examined  2-1 
days  after  injection,  displayed  spontaneous  and  electrically  evoked  contractions.  Thus, 
both  skeletal  muscle  and  cardiac  DHP  receptors  restored  depolarization-contraction 
coupling,  although  the  nature  of  this  coupling  is  different  for  the  two  kinds  of  DHP 
receptor.  Like  normal  myotubes,  dysgenic  myotubes  injected  with  pCAC6  underwent 
electrically  evoked  contractions  in  normal  rodent  Ringer’s  solution,  in  Ca"  '-free  Ringer, 
and  in  0.5  mM  Cd’* -containing  Ringer.  Thus,  Ca’*  entering  across  the  sarcolemma 
is  not  necessary  for  E-C  coupling  mediated  by  the  skeletal  muscle  DHP  receptor.”  ” 
On  the  other  hand,  pCARD  1 -injected  dysgenic  myotubes  displayed  electrically  evoked 
contractions  in  normal  rodent  Ringer,  but  not  in  Ca^‘-free  Ringer  or  in  0.5  mM 
Cd^* -containing  Ringer.  Thus,  unlike  the  E-C  coupling  that  is  restored  in  dysgenic 
myotubes  by  injection  of  pCACo,  dcpolarization-contraciion  coupling  restored  in 
dysgenic  myotubes  by  injection  of  pCARDl  requires  the  \oltage-depcndent  entry 
of  Ca^*.  Experiments  using  caffeine-treated  myotubes  suggested  the  involvement  of 
Ca^* -induced  release  of  Ca’ '  from  the  sarcoplasmic  reticulum  (SR)'"  in  depolarization- 
contraction  coupling  in  pCARD  I  injected  myotubes.  Thus,  it  appears  that  depolariza¬ 
tion-contraction  coupling  in  pCARDl -injected  dysgenic  myotubes  mimics  coupling 
in  cardiac  cells”"'":  Ca’*  entry  is  required  and  the  Ca’*  that  enters  tuggers  additional 
Ca^*  release  from  the  SR. 

All  dysgenic  myotubes  that  had  been  injected  with  pCAC6  or  pC/XRDl  and 
observed  to  contract  expressed  L-type  calcium  current,  but  the  nature  of  these  currents 
was  very  different,'  In  pCAC6-injected  myotubes,  the  rate  of  activation  was  slow, 
similar  to  that  observed  in  normal  skeletal  muscle.’" ’'  In  contrast,  the  L-type  calcium 
current  in  pCARDl -injected  myotubes  activated  more  rapidly,  like  the  1,-type  current 
in  cardiac  muscle. 


LOCALIZATION  OF  FUNCTIONAL  REGIONS 


As  described  above,  injection  of  an  expression  plasmid  carrying  the  skeletal  muscle 
DHP  receptor  cDNA  restores  both  E-C  coupling  and  skeletal  I.-typc  calcium  current. 
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The  restored  coupling  resembles  normal  skeletal  muscle  E-C  coupling,  which  does 
not  require  entry  of  extracellular  Ca’"  By  contrast,  injection  of  an  expression  plasmid 
carrying  the  cardiac  DHP  receptor  cDN  A  intodvsgenic  myotubes  produces  cardiac-likc 
L-type  current  and  cardiac-type  E-C  coupling,  which  does  require  entry  of  extracellular 
Ca’  ■ .  To  investigate  the  molecular  basis  for  these  differences  in  calcium  currents  and 
in  E-C  coupling,  various  chimeric  DHP  receptor  cDN'As  were  expressed  in  dvsgenic 
myotubes. 


Regions  Critical  for  Skeletal-type  E-C  Coupling 

In  skeletal  muscle  it  has  been  suggested’'* ''  that  depolarization  causes  a  molecular 
rearrangement  of  a  hypothetical  structure,  the  “voltage  sensor,"  and  that  this  re¬ 
arrangement  gates  calcium  flow  across  the  SR.  If  the  DHP  receptor  corresponds  to  this 
voltage  sensor  and  controls  the  release  of  Ca’'  from  the  SR’"  in  an  electromechanical 
fashion,’'*'”  then  discrete  regions  of  the  DHP  receptor  might  interact  directh  (or 
indirectly  through  a  putative  linking  protein)  with  the  foot  region  of  the  rvanodine 
receptor*'  to  gate  the  calcium  release  channel.  The  main  differences  in  primarv  structure 
between  the  skeletal  muscle  and  cardiac  DHP  receptors  reside  in  the  large,  putative 
cytoplasmic  regions,  that  is,  the  amino-  and  carboxy-terminal  regions  as  well  as  the 
regions  linking  repeats  1  and  11  and  repeats  II  and  III.  To  determine  w  hether  an\  of 
these  regions  are  critical  for  interaction  between  the  DHP  receptor  and  rvanodine 
receptor.  cDNAs  encoding  chimeric  proteins  with  one  or  more  of  the  large,  putative 
cytoplasmic  regions  of  the  cardiac  DHP  receptor  replaced  by  corresponding  regions 
of  the  skeletal  muscle  DHP  receptor  were  expressed  in  dysgenic  myotubes  Examination 
of  the  electrically  evoked  contraction  of  these  myotubes  show'ed  that  the  putative 
cytoplasmic  region  linking  repeats  II  and  III  of  the  skeletal  muscle  DHP  receptor  is 
a  major  determinant  site  for  skeletal-type  E-C  coupling  ’"  Furthermore,  analysis  of 
calcium  current  and  intramembrane  charge  movement  indicated  that  the  slow  activa¬ 
tion  of  the  skeletal  muscle  L-type  channel  is  not  an  obligatory  consequence  of  the 
DHP  receptor  serving  as  the  voltage  sensor  for  E-C  coupling.  In  addition,  participation 
in  direct,  skeletal-type  E-C  coupling  does  not  necessarily  cause  a  DHP  receptor  to 
lose  its  efficiency  as  a  calcium  channel.*'' 


Regions  Critical  in  Determining  Activation  Kinetics 

For  both  sodium  channels  and  calcium  channels,  kinetic  analysis  of  current  has 
suggested  that  during  activation  the  channel  undergoes  several  distinct  conformational 
changes  before  reaching  the  open  state. Based  on  the  structural  characteristics  of 
these  channels,  it  has  been  postulated  that  the  distinct  conformational  transitions 
inferred  from  kinetic  analysis  may  be  equated  with  conformational  changes  of  the 
individual  structural  repeats.  As  a  means  of  testing  this  hypothesis,  cDNAs  encoding 
chimeric  calcium  channels  in  which  one  or  more  of  the  four  repeats  of  the  skeletal 
muscle  DHP  receptor  were  replaced  by  the  corresponding  repeats  derived  from  the 
cardiac  DHP  receptor  were  expressed  in  dysgenic  myotubes."  The  current  produced 
hy  the  expression  of  pSkCl  5,  in  which  repeat  I  is  skeletal  and  repeats  ll-IV  are  cardiac, 
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activated  slowly,  resembling  the  current  produced  by  pC!ACi6.  In  contrast,  the  current 
produced  by  pSkLll,  in  which  repeat  1  is  cardiac  and  repeats  II-I\'  are  skeletal 
activated  rapidly,  resembling  that  for  pCARDl  Ihe  measured  currents  could  he 
approximated  by  a  single  exponential  function,  providing  a  simple  measure  (T„,)  of 
the  activation  kinetics  for  different  constructs.  Because  the  rate  of  actuation  \aries 
with  test  potential,  T„,  was  determined  in  each  myotuhe  expressing  a  cDN.X  for  a 
test  potential  at  or  just  above  the  jxnential  that  elicited  maximal  inward  current  For 
any  guen  plasmid,  T,„,  shows  a  considerable  range  of  values,  hut  the  data  clearU  fall 
into  two  groups  with  almost  no  overlap  The  only  consistent  structur.il  feature  that 
distinguishes  these  two  groups  of  chimeric  plasmids  is  repeat  I  For  all  chimeric  plasmids 
in  which  repeat  I  is  of  skeletal  muscle  origin.  Tj.,  is  large,  whereas  for  those  in  whu  h 
repeat  I  is  of  cardiac  origin,  Tj„  is  small.  Thus  a  single  repeat,  the  first,  governs  w  hether 
the  calcium  channel  shows  slow  (skeletal-like)  or  rapid  (cardiac-like)  activation  One 
simple  mechanism  that  can  account  for  the  results  is  that  each  of  the  four  repeats  can 
independently  and  reversibly  interconvert  between  resting  and  activated  states,  and 
that  the  conformational  transition  of  repeat  I  might  be  slow  .Alternativelv,  the  identitv 
of  repeat  1  might  affect  the  interconversion  of  other  repeats 


Func  tional  Significance  of  the  Carboxyl-terminal  Regions  of  Skeletal 
Muscle  DHP  Receptor 

Biochemical  analysis  indicates  the  presence  of  two  forms  of  the  DHP  receptor 
polypeptide  in  skeletal  muscle;  a  full-length  translation  product  present  as  a  minor 
species  and  a  much  more  abundant  form  that  has  a  truncated  (!-terminus  “  I  hu 
raises  the  possibility  of  different  roles  for  these  two  molecules  Fo  resolve  this  issue 
we  have  constructed  a  cDNA  (pC6Al)  encoding  a  protein  corresponding  to  the 
truncated  DHP  receptor  in  skeletal  muscle  and  expressed  this  cDN.A  in  dvsgenic 
mvotubes.'*" 

Dysgenic  mvotubes  injected  with  pCibAl  were  found  to  have  restored  l.-T  cou¬ 
pling,  and  the  fraction  with  restored  E-C  coupling  was  comparable  to  that  observed  for 
dysgenic  mvotubes  injected  with  pCiACib  (iontractions  of  pC;6 A  1 -injected  mvotubes 
could  be  elicited  in  the  absence  of  external  calcium  or  in  the  presence  of  0  5  m.\l 
external  cadmium,  indicating  that  the  truncated  DHP  receptor  encoded  bv  p('6Al 
mediates  skeletal  muscle-type  E-C!  coupling,  which  vioes  not  recjuire  the  entrv  of  external 
calcium.  Expression  of  pC,6Al  restored  the  intramembrane  charne  movement  that 
has  been  implicated  as  representing  voltage-driven  conformation.il  changes  of  the  DHP 
receptor  functioning  as  the  voltage  sensor  for  E-(!  coupling  I'hus  the  truncated  DHP 
receptor  is  able  to  function  as  a  voltage  sensor  for  skeletal  muscle-type  Fi-(i  coupling 

Injection  of  dysgenic  myotubes  with  p(i6A  1  also  re  itoicd  skeletiil  l  .-tvpc  c.ilcium 
current  with  a  density,  time  course  of  activation.  DHP  sensitivitv,  and  efticiencv  of 
channel  function  all  being  verj'  similar  to  those  of  I, -type  current  in  dvsgenic  mvotubes 
injected  with  pCiACb.  Thus  DHP  receptors  produced  by  expression  of  the  full-length 
or  truncated  cDNAs  seem  to  differ  little  in  their  ability  to  function  as  calcium  channels 
Our  results  demonstrate  that  a  truncated  DHP  receptor,  which  probably  corresponds 
closely  in  length  to  the  predominant  form  iletected  biochemically  in  skeletal  musclc. 
is  able  to  function  not  only  as  a  voltage  sensor  for  E-Ci  coupling  hut  also  as  a  calcium 
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channel  Although  we  cannot  conclude  that  individual  DHP  receptors  (unction  simulta- 
neouslv  as  channel  and  voltage  sensor,  our  results  are  consistent  with  the  idea  that 
both  of  these  functions  are  performed  in  skeletal  muscle  bv  a  single  class  of  DHP 
receptors 


CONCLUSIONS 

Bv  e.xpressing  the  cDNAs  encoding  skeletal  muscle,  cardiac,  chimeric,  and  truncated 
DHP  receptors  in  dvsgenic  myotubes,  we  have  identified  several  significant  regions 
that  determine  the  specific  character  of  calcium  channel  molecules  Expression  of 
cDNAs  encoding  chimeras  with  one  or  more  of  the  large,  putative  cvtoplasmic  regions 
of  the  cardiac  DHP  receptor  replaced  by  corresponding  regions  of  the  skeletal  muscle 
DHP  receptor,  showed  that  the  putative  cvtoplasmic  region  linking  repeats  11  and  III 
is  a  major  determinant  of  skeletal  muscle-type  E-C  coupling.  Expression  of  cDN.\s 
encoding  chimeras  in  which  one  or  more  of  the  four  repeats  of  the  skeletal  muscle 
DHP  receptor  are  replaced  bv  the  corresponding  repeats  derived  t'rom  the  cardiac 
DHP  receptor,  showed  that  the  repeat  1  determines  whether  the  chimeric  calcium 
channel  shows  slow  (skeletal  muscle-like)  or  rapid  (cardiac-like)  activation  Expression 
of  cDNA  encoding  a  truncated  skeletal  muscle  DHP  receptor  suggests  that  a  single 
molecular  species  of  DHP  receptors  performs  dual  functions  as  calcium  channel  and 
voltage  sensor  for  E-C  coupling. 


REFERENCES 

1  BfcAN.  B  P  1989  Annu  Rev  Phvstol  5l:)67-584 

2  IsiiN.  R  VV  &  R  Y  IsiiN  1990  Annu  Rev  Cicll  Biol  6;'15-:ftO 

3  Br.Rioi ISO,  .M  &  R  R  I.i.in.ss  1992  Annu  Rev  Pharmacol  loxicol  32;  399-421 

4  lANARf,  f  .  .A  MiKAsti  S  Nl.ma  &  K  (i  Bi.a.m  1990  Nature  544;  45  1-453 

5  I  anahi..  r.  H  Iakksmima.  .\  .Mika.vu.  \'  FicxKtR/i.  H  I  akaiiashi.  Is  Kasc.aw  a.  .\1 

Koji.via.  H  .\1  MSI  0.1  Hmosi  8i  S  Ni  siA  1987  Nature  328;  3lt-318 

6  Mikasu,  a  .  K  Istoio,  I  I  ANABt,  I  NiiDostr.  V  .Mori,  tl  1  AKtsHiMv  S  Nari  . stive  &  S 

Ni.ma.  1989  Nature  340;  2  30-2  3  3 

7  lA.N.ABr,  I  ,  K  G  BtAM,  J  A  POWMI  &.  S  Ni.si.a  1988  Nature  336;  154-139 

8  Ghai  niiARi,  N  1992  J  Biol  Ghem  267:2  56  36-2  56  39 

9  PowM.i.  J  ,A  &  D  M  FA.MBRotx.li  197  3  J  Gell  Phvsiol  82;  21-38 

10  Ki  ai  s,  M  M  .  .S  P  .Scokoii  is,  j  M  Rapau  s.  R  I  Bri(.<,s  Sc  J  A  Powni  198  3  Devel 

Biol  99:  152-166 

1  1  BtA.M,  K  G  ,  G  M  Km  DsoN  &  J  A  Powm  1986  Nature  320;  168-170 

12  Bot  R.NACO.  R  &  A  .Maiiari  1987  Pflugers  Arch  409:  468-476 

1  3  RiK.IR.  F  ,  R  Bot  RNACD,  I  ShI.MAHARA,  L  (iARt  lA.  M  PlNX,ON-RAY\tONl>.  G  RoSlIV  Sc  .\1 
La/dinski  1987  Nature  3  30;  565-566 

14  Ar.msironc..  G  M  .  F  M  Br/ANiiiA  Sc  P  IIorowk:/  1972  Biochim  Biophts  Acta  267: 

605-608 

15  GiiiARANniNi.  D  J  .J  A  S.Aistiic/ Sc  FI  Sirr.ANi  1980  J  Physiol  303;  153-163 

16  Endo,  .M  1977  Physiol  Ret  57:  71-108 

17  Fabiaio.  A  1985  J  Gen  Physiol  85:291-320 

18  BttcKtiMANN,  D  J  Sc  W  c;  WiKR  1988  J  Physiol  405:  233-255 

19  Nabahr.  M  .Ci  GAiitWAiRi,  I.  G' rnMANN  Sc  .M  Morao  1989  .Science  244:  800-803 

20  Sancmi/.J  A  Sc  E  Sihani  1978  J  Phvsiol  283:  197-209 


86 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


21,  Donaldson,  P  L  &  K  G.  Beam.  1983  J  Gen  Physiol  82:  449-468 

22  IsENBERG,  G  &  t'.  Ki.6ckner.  1982.  Pflugers  Arch  395;  30-41 

23  Lee,  K.  S.  &  R.  W  Tsien  1982  Nature  297:  498-.5()l. 

24  Schneider,  M  F  &  W  K  Chandler.  1973  Nature  242:  244-246 

25  Chandler!  VV.  K.,  R  F  Rakowski  &  M  F  Schneider  1976  J  Physiol  254;  285-3  16 
26.  Rios,  E  &  G.  Brlm  1987  Nature  325:  717-720 

27  Fleischer,  S  &  M  Inli  1989  Annu  Rev  Biophys  Biophys  Chem  1  8:  3  3  3-364 

28  Tanabe,  T.,  k.  G  Beam,  B  A  Ada.ms,  T.  Niidome  &  S  Nl.ma  1990  Nature  346;  567- 

569. 

29  Adams,  B  A  ,  T  Tanabe,  A,  Mika.mi,  S  Nlma  &  K  G  Beam  1990  Nature  546;  569- 

572 

30  Hodgkin,  A  L  &  A  F  Huxley  1952  J.  Physiol  117:  500-544 

31  Armstrong,  C  M  1981  Physiol.  Rev.  61(5):  644-68  3 

32.  Kostyuk,  P  G  ,  O  A  Kkishtal  &  V  I  Pidoplichko  1981  J  Physiol  510;  403-421 

33  Sanchez,  J  A  &  E  Stefani  1983.  J  Physiol  3  57:  1-  1  7 

34  Keynes,  R  D  ,  N  G  Greefe  &  I.  C  For.ster.  1990  Proc  R  Soc  Lond  B  240:  41 J-42  3 

35  Tanabe,  T  ,  B  A  Adams,  S  Nu.ma  &  K  G.  Beam  1991  Nature  352;  800-803 

36.  DeJongh,  K  S  ,  D  K  Merrick  &W  A.  Catierall  1989  Proe  Natl  Acad  Sci  I  SA  86; 
8585-8589 

37  Lai,  Y  ,  M  J  Seagar,  .M  Takahashi  &  W  A.  Catierai i  1990  J  Biol  Chcm  265:20839- 
20848 

38.  DeJongh,  K  S  ,  C  Warner,  A  A  Colvin  &  W  A  Catifrali  1991  Proc  Natl  ,\cad 
SCL  USA  88:  10778-10782, 

39  Cafterai.l,  W  A  1991  Cell  64;  871-874 

40  Beam.  K  G  .  B  A  , Adams.  T  Niido.me.  S  Ni.ma  &  T  Lanabe  1992  Nature  360;  169- 

(71, 


Molecular  Diversity  of 
Voltage-Dependent  Calcium 
Channel 


YASUO  MORI,  TETSUHIRO  NIIDOME, 
YOSHIHIKO  FUJITA,  MICHELLE  MYNLIEFF/ 
ROBERT  T,  DIRKSEN,-  KURT  G.  BEAM,^ 
NAOYUKI  IWABE,*  TAKASHI  MIYATA,^ 
DAISUKE  FURUTAMA.'  TEIICHI  FURUICHI,' 
AND  KATSUHIKO  MIKOSHIBA' 

Departments  of  Medical  Chemistry  and  Molecular  Genetics 
Kyoto  University  Faculty  of  Medicine 
Kyoto  606-01,  Japan 

^Department  of  Physiology 

College  of  Veterinary  Medicine  and  Biomedical  Sciences 
Colorado  State  University 
Fort  Collins,  Colorado  8052} 

^Department  of  Biophysics 
Kyoto  University  Faculty  of  Science 
Kyoto  606-01,  Japan 

‘Department  of  Molecular  Neurobiology 
Institute  of  Medical  Science 
University  of  Tokyo 
Tokyo  108,  Japan 


The  influx  of  calcium  through  voltage-dependent  calcium  channels  plays  a  vital 
role  in  the  regulation  of  a  variety  of  cellular  functions,  including  membrane  excitability, 
enzyme  activity,  axonal  outgrowth,  muscle  contraction,  and  neurotransmitter  release. 
E,stablishlng  criteria  for  distinguishing  between  the  many  types  ot  calcium  channels 
is  a  prerequisite  for  elucidation  of  molecular  mechanisms  that  underlie  diverse  cellular 
processes.' 

Biophysical  and  pharmacological  criteria  are  usually  employed  as  a  first  step  towards 
identifying  the  type  of  channel  involved  in  a  panicular  physiological  proce.ss.  On  the 
basis  of  electrophysiological  and  pharmacological  properties,  at  least  four  types  of 
calcium  channel  (designated  T-,  L-,  N-,  and  P-type)  have  been  distinguished  (Tabi.k 
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1).'  ^  L-typc  calcium  channels  arc  high  voltage-activated,  sensitive  to  dihvdropyridinc 
(DHP),  and  show  a  single-channel  conductance  of  22-27  pS.  They  are  found  in 
virtually  all  excitable  tissues  and  in  many  non-excitable  cells.  They  trigger  excitation- 
contraction  coupling  in  skeletal  muscle,  heart,  and  smooth  muscle  and  they  control 
hormone  or  transmitter  release  from  endocrine  cells  and  some  neurons.  The  N-type 
channel  is  a  high  voltage-activated  calcium  channel  largely  restricted  to  neurons.  It 
differs  pharmacologically  from  L-type  in  being  resistant  to  DHP  and  irreversibly 
blocked  by  (0-conotoxin  (co-CgTx).’"'  In  addition,  (O-CgTx  inhibits  transmitter  release 
in  a  variety  of  mammalian  neuronal  preparations,'"  ''  thus  supporting  the  hypothesis'" 
that  influx  of  calcium  through  N-type  calcium  channels  controls  neurotransmitter 
release.  Additionally,  N-type  calcium  channels  also  appear  to  play  a  role  in  directed 
migration  of  immature  neurons."  P-type  calcium  channels,  first  identified  in  Purkinje 
cells,’’  "  are  found  in  a  variety  of  neurons.'^  They  are  high  soltage-activated  calcium 
channels  selectively  blocked  by  co-agatoxin-IVA  (co-AgalVA)"  or  funnel-web  spider 
toxin  (FTX),"  but  insensitive  to  both  DHP  and  to-CgTx.  P-type  channels  plav  an 
essential  role  in  inducing  long-term  depression.  T-type  calcium  channels  are  known 
as  low'  voltage-activated  calcium  channels  and  called  “fast"  becau.se  they  inactivate 
rapidly.  T-type  channels  are  sensitive  to  Ni’*,  amirolide,  and  octanol,  but  they  arc- 
resistant  to  DHP  and  co-CgTx.  They  have  a  sin^e-channel  conductance  of  -  8  pS. 
T-type  channels  have  been  implicated  in  repetitive  firing  and  pacemaker  activity  in 
heart  and  neurons. 

However,  recent  results  indicate  that  on  the  basis  of  rhe.se  criteria  it  mav  not  be 
possible  to  assign  unequivocally  a  measured  calcium  current  to  the  currently  defined 
T,  N,  L,  or  P  categories,  and  that  currents  of  a  particular  pharmacological  specificity 
may  vary  considerably  in  their  biophysical  propenies.'  '  Thus,  it  is  critical  to  establish 
the  electrophysiological  and  pharmacological  propenies  for  calcium  channels  of  known 
molecular  identity.  Over  the  last  five  years,  there  have  been  rapid  advances  in  molecular 
biological  approaches  to  calcium  channels.  The  approaches  have  been  proven  to  be 
a  powerful  way  to  aid  the  understanding  of  the  diversity  of  voltage-dependent  calcium 
channels. 


Table  1.  Functional  Cla,ssification  of  Voltage-dependent  Calcium  Channels 


Type 

Propenies 

Function 

T  type 

I.OW  voltage-activated,  blocked  by 
low  Ni^*  and  octanol.  inactivates 

Pacemaker  activits  and  repetitise 
firing  in  heart  and  neurons 

rapidly 

L  type 

High  voltage-activated,  blocked  by 

Excitation-contraction  coupling, 

dihydropyridine  antagonists  and 

excitation-secretion  coupling  in 

low  Cd'- 

endocrine  cells  and  some  neurons 

N  type 

High  voltage-activated,  blocked  by 

Irigger  neurotransmitter  rele.ise 

(O-conotoxin  and  low  Cd’" 

P  type 

High-voltage  activated,  blocked  by 

Trigger  neurotransmitter  release, 

(O-AgalVA,  Insensitive  to 

calcium  spike  in  some  neurons. 

dihydropyridine  and  co-conotoxin 

induces  long-term  dcpres.sion 
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Table  2.  Molecular  Classification  of  Voltage-dependent  Calcium  Channels 


Numa 

Class 

Snutch 

Class 

Percz-Rcycs 

Class 

Primary  Tissue  Location 

Functional 

Class 

Sk 

- 

1 

skeletal  muscle 

1.  type 

C 

c 

2 

heart,  smooth  muscle 

1.  type 

BIV 

D 

3 

brain,  pancreas 

1.  type 

Bl 

A 

4 

brain 

P  type 

Bll 

E 

- 

brain 

Bill 

B 

5 

brain 

N  type 

STRUCTURAL  DIVERSITY  AND  DIFFERENTIAL  EXPRESSION 
OF  CALCIUM  CHANNELS 

Biochemical  and  molecular  biological  approaches  began  with  studies  of  the  L-type 
calcium  channel  (the  DHP  receptor)  complex  in  skeletal  muscle.”  The  DHP  receptor 
has  been  purified  from  skeletal  muscle  by  several  laboratories. The  receptor  is 
composed  of  the  a  i  subunit  ( 1 70  kD  polypeptide),  the  Oj  subunit  ( 1 40  kD  polypeptide), 
the  3  subunit  (5 5  kD  polypeptide),  and  the  y  subunit  (3  3  kD  polypeptide).  A  stoichio¬ 
metric  ratio  of  1:11:1  was  obtained  for  the  Oi,  a.,  3.  and  y  subunits,  respectively, 
which  suggests  that  all  four  subunits  are  integral  components  of  the  DHP  receptor.'” 
The  8  subunit  has  been  observed  as  small  proteins  of  24-3  3  kD  disulfide-linked  to 
02  subunits  to  form  02/8.’’  The  subunit  compositions  of  calcium  channel  complexes 
from  other  tissues  are  not  exactly  the  same  as  those  from  skeletal  muscle. One 
form  of  L-type  calcium  channels  in  brain  contains  Oi-like  subunit  in  association  with 
a2/8-like  and  3-lil<c  subunits.  The  brain  CO-CgTx-sensitive  N-type  calcium  channel 
contains  components  homologous  to  the  ai  subunit, the  02  subunit,''' and  the 
3  subunit"'"'"  of  the  DHP  receptor.  An  additional  polypeptide  of  1 10  kD'"  or  100 
kD"  is  present  in  N-type  or  L-type  calcium  channels,  respectively,  from  brain  Other 
polypeptides  of  36  kD,  28  kD,”  and  58  kD'"’  associated  with  (o-CgTx  receptors  have 
also  been  reported.  Using  FTX  to  form  an  affinity  gel,  a  protein  with  an  apparent 
molecular  mass  of  90-100  kD  was  isolated  from  brain.'" 

Molecular  biological  studies  have  revealed  an  even  greater  diversity  than  functional 
studies  among  calcium  channels,  arising  from  multiple  genes  and  alternative  splicing 
of  the  composing  subunits.  Recent  evidence  suggests  that  Oj  subunits  are  encoded  by 
a  gene  family  comprising  at  least  six  distinct  genes  (Table  2).  Amino  acid  sequences 


FIGURE  I .  (Following  four  pages  )  Alignment  of  ammo  acid  sequence  of  the  different  calcium  chan¬ 
nels.  The  six  sequences  compared  (from  top  to  liottom)  Bill.  Bl'’’;  BH'"'.  rabbit  cardiac  muscle 
DHP-sensitive  calcium  channel  (C)'';  rabbit  skeletal  muscle  DHP-sensitive  calcium  channel  (Sk)'*: 
human  brain  DHP-sensitive  calcium  channel  an,  (D) The  sequences  for  Bl  and  Bll  arc  those  of 
the  Bl-2  and  Bll-2  isoforms,  respectively.  Sets  of  six  identical  residues  at  one  position  arc  enclosed 
with  solid  lines,  and  sets  of  six  identical  or  conservative  residues’"  with  broken  lines  The  conserved 
sequences  (aligned  positions  106-827  and  1333-2131)  adopted  to  infer  the  phylogenetic  tree  (Fic, 
3)  arc  indicated  by  arrovs  s.  The  numbers  of  the  amino  acid  residues  at  the  right  end  of  the  indivrdud 
lines  arc  given  Segments  S1-S6  in  each  repeat  are  shown 
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Fig  1  continued 
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of  the  six  classes  of  calcium  channels  have  been  deduced  by  cloning  the  sequencing 
of  the  cDNAs  (Fig.  1).  All  the  Oi  subunits  share  general  structural  features  with 
voltage-dependent  sodium  channels,  thus  apparendy  having  the  same  transmembrane 
topology  proposed  for  sodium  channels.''^  They  contain  four  repeating  homologous 
units  and  each  repeat  has  one  positively  charged  segment  (54),  which  probably  repre¬ 
sents  a  voltage-sensing  region,'*’  and  five  hydrophobic  segments  (Si,  S2,  S3,  S5,  and 
S6).  The  conserved  charged  residues  in  segments  S2  and  S3  are  also  retained.'*^  The 
^utamic  acid  residues  in  the  SS1-SS2  region,  which  may  be  critical  for  ion  selectivity 
of  calcium  channels, ■*■*  are  conserved  among  the  a  i  subunits.  Previous  cDNA  expression 
studies  suggest  that  the  function  of  the  sodium  channel  can  be  manifested  bv  the  large 
subunit.^'  Thus  the  striking  structural  similarity  found  between  the  ai  subunit  and 
the  sodium  channel  may  imply  that  the  a,  subunit  itself  is  a  voltage-dependent  channel 
protein.  cDNA  expression  studies  of  calcium  channels  suppon  this  notion  and  are 
discussed  later  in  this  paper. 

The  skeletal  muscle  DHP  receptor  (class  Sk  calcium  channel)  cDNA  was  cloned 
first  of  all  the  Oi  subunits. “  Using  immunochemical  techniques,  this  channel  was 
detected  only  in  skeletal  muscle. A  prominent  transcript  of  the  class  Sk  channel  was 
detected  onl)  in  RNA  preparations  from  skeletal  muscle  by  Northern  blot  analysis.* 
However,  successful  isolation  of  class  Sk  channel  cDN  As  from  brain ,  pancreatic  (i-cell- 
derived  HIT  cells,  and  ovary  implies  that  this  class  cannot  be  considered  as  exclusively 
a  skeletal  muscle  gene.'"'  The  class  Sk  channel  is  expressed  in  a  developmentally  regulated 
fashion,  being  induced  upon  myogenic  differentiation.**'  '"’  Splice  variants  of  this  class, 
which  differ  in  the  region  between  S3  and  S4  of  repeat  IV,**  and,  interestingly,  cDNAs 
encoding  a  two-motif  isoform  of  the  class  Sk  channel  have  been  isolated.'" 

The  class  C  calcium  channel  is  a  ubiquitous  calcium  channel.  cDNAs  encoding 
the  class  C  channel  were  isolated  from  heart,"  lung,"  aorta,'’  brain,'*  skin  fibroblast 
cell  line,''  ovarian  cells,  and  hamster  pancreatic  P-cell-derived  HIT  cells.**  Expression 
of  this  class  in  intestine,  stomach,  spinal  cord,  pituitary,  adrenal  gland,  liver,  kidney, 
testes,  and  spleen  was  shown  by  Northern  blot  analyses  and  analyses  using  polymerase 
chain  reaction  (PCR).**  '”*  The  class  C  channel  mRNA  was  also  found  in  early 
skeletal  muscle  myotubes."  Numerous  isoforms  of  the  class  C  channel  are  generated 
by  alternative  splicing  at  different  sites.*"  The  sites  of  structural  variation  due 

to  alternative  splicing  are  located  in  the  N-terminal  portion,  the  region  between  segment 
S5  and  S6  of  repeat  I  (1S5  and  IS6,  respectively),  IS6,  two  regions  in  the  vicinity  of 
IIS6,  the  region  between  repeats  I  and  II  (I-II  loop),  the  II-lll  loop,  IIIS2,  IVS3  and 
its  vicinity,  and  the  carboxy-terminal  region.  The  variability  within  I  VS  3  is  generated 
by  a  developmentally  regulated,  mutually  exclusive  splicing  mechanism.''’  Differential 
expression  of  these  variants  was  shown  by  PCR  analysis  of  RNAs  from  different 
tissues.’* 

Class  BIV  (or  class  D)  calcium  channel  cDNAs  were  isolated  from  brain,  human 
neuroblastoma  1MR32  cell  line,  pancreatic  islet  cells,  hamster  pancreatic  (i-cell-derived 
HIT  cells,  and  ovarian  cells.** Therefore  the  BIV  channel  is  called  the  neuroendo¬ 
crine  type.**  Expression  of  this  class  in  pancreatic  |J  cells”  and  in  cells  from  the  central 
nervous  system"'  was  shown  by  in  situ  hybridization.  Multiple  types  of  the  class  BIV 
channel  isoform  are  generated  by  alternative  splicing.**"'*  Variable  regions  of  this 
channel  are  located  in  IS6,  the  I-II  loop,  IVS3  and  its  vicinity,  and  the  carboxy-terminal 
region. 
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Until  recently,  molecular  identification  of  calcium  channel  has  been  limited  to 
L-type  calcium  channels.  The  class  BI  (or  class  A)  calcium  channel  cDNA  is  the  first 
cloned  non-L-type  calcium  channel  cDNA.*’*'  The  presence  of  multiple  isoforms  of 
this  class,  generated  by  alternative  RNA  splicing,  has  been  reported.'’’  The  sites  ot 
variation  are  located  in  the  II-III  loop,  the  vicinity  of  IVS6,  and  the  carboxy  terminal 
region.  The  class  BI  channel  is  distributed  widely  in  the  brain,  being  abundant  in  the 
cerebellum.''^  Blotting  analysis  of  RNA  from  the  cerebellums  of  mutant  mice  with 
different  types  of  cerebellar  degeneration  suggested  that  this  channel  is  expressed  in 
Purkinje  cells  and  granule  cells.  Expression  of  this  class  in  the  heart'’’  and  pituitary'’' 
was  also  demonstrated. 

The  class  BII  (or  class  E)  calcium  channel  cDNA  was  also  isolated  from  the  brain 
Two  isoforms,  possibly  generated  by  alternative  splicing,  differ  from  each  other  in 
the  carboxy-terminal  sequence.  The  spatial  distribution  of  the  class  BII  channel  in  the 
brain  is  different  from  that  of  the  class  BI  channel.  This  class  is  abundant  in  cerebral 
cortex,  hippocampus,  and  corpus  striatum. 

Class  Bill  (or  class  B)  calcium  channel  cDNAs  were  clcted  from  brain'’’  and  human 
neuroblastoma  IMR32  cell  line.'’''  Two  isoforms,  that  differ  at  the  carboxy-terminal 
region,  are  generated  by  alternative  RNA  splicing.”'’  Polyclonal  antiserum  generated 
against  a  peptide  from  the  class  Bill  sequence  selectively  immunoprccipitates  high- 
affinity  (O-CgTx  binding  sites  from  forebrain  membranes.'’’  RNA  preparations  from 
different  rabbit  tissues  and  from  different  regions  of  rabbit  brain  were  subjected  to 
Northern  blot  analysis  with  a  Bill  cDNA  probe  (data  not  shown).  Of  all  the  tissues 
studied,  only  the  brain  expressed  a  major  hybridizable  RNA  species  ( —  9J00  nucleo¬ 
tides  in  length).  A  Bill  mRNA  species  of  ~  9.500  nucleotides  was  present  in  the  cerebral 
cortex,  hippocampus,  corpus  striatum,  midbrain,  and  cerebellum.  An  additional  mRNA 
species  of  —  9,300  nucleotides  was  observed  in  the  striatum  and  midbrain,  fhis  class 
is  expressed  also  in  calcitonin-secreting  C-cells  and  undifferentiated  and  differentiated 
rat  pheochromocytoma  PC- 12  cells.”’  Notably,  the  distribution  of  Bill  mRNA  within 
rabbit  brain  is  rather  different  from  that  of  rbB-I  mRNA  within  rat  brain.”'  In  rabbit. 
Bill  mRNA  appears  most  abundantly  expressed  in  the  striatum  and  midbrain,  while 
in  rat,  rbB-1  is  relatively  more  abundant  in  the  cerebellum,  hippocampus,  and  thalamus- 
hypothalamus  than  in  other  brain  regions.  This  suggests  the  possibilities  that  similar 
neuronal  functions  in  the  two  species  are  carried  out  by  different  types  of  calcium 
channels  or  that  there  are  differences  in  synaptic  architecture.  Alternatively,  differences 
in  developmental  age  may  account  for  the  distinct  patterns  of  tissue  distribution. 

In  situ  hybridization  histochemistry  of  the  Bill  channel  revealed  widespread  but 
uneven  signals  throughout  rabbit  brain  (Fig.  2).  The  Bill  mRNA  was  detectable  in 

cell  layers),  anterior  olfactory  cortex,  olfactory  tubercle,  caudate-putamen,  primary 
olfactory  cortex,  neocortex,  entorhinal  cortex,  hippocampal  formation,  amygdaloid 
nucleus,  thalamus-hypothalamus,  colliculus,  cerebellar  conex,  and  medulla-pons  (the 
motor  trigeminal  nucleus,  facial  nucleus,  lateral  reticular  nucleus,  and  inferior  olivary 
nucleus).  The  BI  mRNA  was  found  in  similar  brain  regions  as  the  Bill  mRNA,  but 
at  different  expression  levels  (autoradiography  carried  out  for  1 8  days  and  5  days  for 
Bin  and  BI  probes,  respectively,  in  Fig.  2(A);  38  days  and  12  days  in  Fig.  2(B  and 
O).  Dark-field  observation  of  emulsion-dipped  hippocampal  sections  (Fig.  2,  B)  showed 
that  BI  mRNA  expression  was  prominent  in  CA3  hippocampal  pyramidal  cells  and 
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FIGURE  2.  Spatial  distribution  ol  Bill  and  Bl  calcium  channel  mRNAs  determined  with  m  situ 
hybridization  histochemistry  Cryosection  preparation  (12  pm  in  thickness)  and  m  situ  1. yhridization 
were  performed  essentially  as  described  previously  (A)  Film  autoradiogram  of  coronal  sections 
hybridized  with  ["SIBIII  and  BI  cRNA  probes.  Bar  =  S  mm  The  film  wxs  Hyper  p-max  (Amersham. 
Buckinghamshire,  UK).  (B  and  C)  Dark-field  observation  of  emulsion-dipped  coronal  sections  of  the 
hippocampal  formation  (B)  and  cerebellar  lobes  (C).  hybridized  with  |''S|B1II  and  Bl  cRNA  probes 
(B)  Bar  =  100  pm  <C)  Bar  =  50  pm  The  emulsion  was  NB2  (Kodak.  Rochester.  NT  ) 


hilar  cells,  whereas  the  expression  level  of  Bill  mRNA  was  relatively  lower  in  these 
neurons  than  that  in  CAl-2  pyramidal  cells  or  dentate  granular  cells.  In  the  cerebellum 
(Fig.  2,  C),  Bl  mRNA  was  predominantly  expressed  in  the  Purkinje  cell  layer  and, 
at  a  slightly  lower  level,  in  the  granular  cell  layer.  This  distribution  agrees  well  with 
the  distribution  inferred  from  Northern  blot  analysis  of  RNA  from  cerebellums  of 
mutant  mice  having  different  types  of  cerebellar  degeneration  '''  The  Bill  mRN.A  was 
also  present  in  Purkinje  cells  and  in  granular  cells  at  a  low  density  The  Bl  mRNA 
encodes  a  calcium  channel  insensitive  to  both  (O-CgTx  and  DHP,"’  whereas  the  Bill 
mRNA  encodes  a  CO-CgTx-sensitive  calcium  channel  (see  below).  Thus,  differential 
expression  of  the  BI  and  Bill  channels  may  underlie  the  electrophysiological  and 
pharmacological  heterogeneity  of  calcium  currents  that  has  been  de.scribed  for  neurons 
of  different  types. 

A  phylogenetic  tree  indicates  that  the  Oi  subunits  of  voltage-dependent  calcium 
channels  can  be  classified  into  two  subfamilies  (Fig.  3).  One  is  the  DHP-sensitive 
L-type  calcium  channel  subfamily  consisting  of  the  cardiac  muscle,  skeletal  muscle, 
and  neuroendocrine  BIV  (am)  channels.  The  second  is  the  channel  subfamily  consisting 
of  the  BI,  BII,  and  Bill  calcium  channels,  which  arc  predominantly  or  exclusively 
expressed  in  neuronal  tissues.  These  two  subfamilies  diverged  from  a  common  ancestor, 
although  it  remains  unclear  when  the  divergence  occurred.  It  is  evident  that  each  of 
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FIGURE  5.  Identity  (similariiv)  matrix  (A)  and  phylogenetic  tree  (B)  for  mcmhcrs  of  the  calcium 
channel  family  (A)  The  calculations  are  based  on  the  alignment  in  FioiRt  2  Gaps  are  counted  as 
one  substitution  regardless  of  their  length  The  percentages  of  overall  amino  acid  identity  (or  similarity 
calculated  for  identical  plus  conservative  residues"')  of  the  calcium  channel  pairs  are  show  n  on  the 
upper  right  side  of  the  diagonal,  and  the  (x-rcentagcs  of  identity  <or  similarity)  w  ithin  the  conserv  ed 
sequences  (aligned  positions  106-827  ami  1 .1  !-2  1 .!  1  in  Fio  2)  on  the  lower  left  side  Bl  and  Bll 
represent  BI-2  and  BII-2  sequences,  respectively  (B)  The  ncighl)or-|oining  method  ■’  was  used,  the 
conserved  sequences  were  adopted  for  the  calculation  Lengths  of  horizontal  lines  arc  proponional 
to  estimated  numbers  of  amino  acid  substitutions 


the  subfamilies  funher  diverged  at  about  the  same  time,  creating  the  si,\  currently 
known  members  of  the  calcium  channel  family  The  phylogenetic  tree  also  indicates 
that  the  relationship  between  Bill  and  BI  is  closer  than  those  between  Bill  and  Bll 
and  between  BI  and  BII.  The  regions  corresponding  to  the  four  internal  repeats  and 
the  shon  segment  between  repeats  III  and  IV'  (III-IV'  loop)  are  relatively  well  conserv  ed 
However,  the  remaining  regions,  all  of  which  are  assigned  to  the  cuoplasmic  side  ot 
the  membrane,  are  less  well  conserved.  The  amino  acid  sequences  of  the  putative 
cytoplasmic  region  between  repeats  II  and  III  (Il-III  loop)  and  the  Oterminal  repon 
are  highly  diverged  among  calcium  channels. 


HETEROLOGOUS  EXPRESSION  OF  CALCIUM  CHANNELS 

To  relate  the  molecular  classification  of  calcium  channels  to  their  functional  classifi¬ 
cation,  expression  of  mRNAs  or  cDNAs  in  foreign  cells  has  proven  to  be  essential. 
This  form  of  functional  reconstitution  is  termed  heterologous  expression,  and  several 
expression  systems  have  been  developed  for  calcium  channels.  The  most  favored  expres¬ 
sion  system  for  calcium  channels  is  based  on  the  injection  of  mRNAs  into  Xenopus 
oocytes,  which  serves  both  as  decisive  proof  of  successful  cloning  and  as  a  useful  tool 
for  studying  structure-function  relationships  of  various  types  of  ion  channels.  I'o 
reconstitute  a  particular  calcium  channel  subtype,  it  is  desirable  to  inject  the  subtype- 
specific  mRNA  in  oocytes.  This  has  become  possible  by  in  vitro  transcription  of  cDN.Vs 
using  the  bacteriophage  SP6  promoter.'’'  The  technique  has  provided  an  effective 
approach  to  the  study  of  what  roles  the  individual  subunits,  domains,  or  amino  acids 
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play  in  the  operation  of  ealeium  channels,  l  echniques  of  expression  in  mammalian 
cells  also  offer  a  usetul  wav  to  study  functional  properties  of  calcium  channels 

In  Xenopus  oocytes,  niRNA  derived  from  the  class  C.  calcium  channel  cDNA 
isolated  from  heart  directed  the  formation  erf  a  functional  DHP-sensitive  calcium 
channel  current  *'  The  Ba' '  current  carried  hv  the  channel  was  high  voltage-activated, 
increased  seseral  times  in  amplitude  hv  BAY  K  8644,  and  virtually  abolished  hv 
nitedipine  and  Cd’ ‘  Properties  ot  a  splice  variant  of  the  class  C'.  channel  from  lung 
were  similar  to  those  ol  the  cla.s.s  Cl  variant  from  heart  in  oocvtes.'’  I'hese  results 
indicate  that  the  tt;  subunit  alone  issutficient  to  exhibit  L-tvpc  calcium  channel  activitv 
Co-injection  of  the  skeletal  muscle  a.  subunit  enhanced  the  peak  inward  current  about 
three  times  in  amplitude  I'he  increasing  effect  on  the  activitv  of  class  C  channel  was 
obserxed  also  tor  coexpression  ot  the  class  C'.aBl  P  subunit  from  skeletal  muscle,''" 
the  class  CaB2  P  subunit  from  brain  '  and  hean,  '  the  cla,ss  CaB.I  P  subunit  from 
heart,  ’  and  the  y  subunit  trom  skeletal  muscle  In  Chinese  hamster  ovary  (CHO) 
cells,  the  cla.ss  C  channel  cDNA  trom  smooth  muscle  alone  was  sufficient  for  stable 
expression  ot  tuncttonal  calcium  channels  '  I'he  single-channel  conductance  was  26 
pS  with  80  mM  Ba’ '  as  the  charge  carrier,  corresponding  with  24  6  pS  in  vascular 
smooth  muscle 

Ihe  class  Sk  channel-specific  mRNA  has  failed  to  direct  L-tvpe  calcium  channel 
activity  in  oocytes  Skeletal  muscle  mvotubes  from  mice  with  muscular  dvsgenesis 
(mdg)  has  prosed  to  be  a  useful  expression  system  for  various  classes  of  calcium  channels 
mdg  is  a  fatal  autosomal  recessive  mutation  ^  that  is  expressed  in  skeletal  muscle  as  a 
failure  of  excitation-contraction  (E-Ci)  coupling  '  and  absence  of  the  slow  DHP-sensitise 
1,-type  calcium  current  ''  Blot  hybridization  analysis  of  genomic  I)N.\  and  skelet.il 
muscle  RNA  suggested  that  the  mdg  mutation  alters  the  structural  gene  for  skeletal 
muscle  DHP  receptor  Both  functional  defects  of  dvsgcnic  mvotubes  were  restored 
by  microinjection  of  the  class  Sk  channel  (the  skeletal  muscle  DHP  receptor)  cD\,\ 
Cardiac  l.-type  calcium  channel,  which  activates  more  rapidly  than  the  skeletal  muscle 
calcium  channel,  was  also  expressed  in  mvotubes  from  mdg  mice  by  microiniection 
ot  the  class  C  channel  cDNA  from  hean  “  E-C  coupling  restored  hv  in|ection  of  the 
class  C  cDNA  didn't  require  entry  of  extracellular  Ca' ’ ,  in  contra.st  to  that  restored 
by  injection  of  the  class  Sk  channel.  Ehus  the  behaviors  of  the  expressed  c.ilcium 
channels  mirror  the  physiological  situation  in  skeletal  and  cardiac  muscle 

Skeletal  muscle  l.-type  channel  was  stablv  expressed  in  murine  1. -cells  "  The  class 
(iaBl  P  subunit  cDNA  from  skeletal  muscle  was  transfected  to  examine  its  function.il 
roles.  Coexpression  ot  the  P  subunit  accelerated  activation  kinetics  and  increased  drug 
binding  sites,  but  did  not  increase  the  currents 

I'he  two  class  Bl  (class  A)  channel  isoforms  (BI-1  and  BI-2)  were  expressed  in 
oocytes.'’’  Both  isoforms  were  high  voltage-activated;  insensitive  to  Ni' ' ,  nifedipine, 
and  (0-Cgl'x;  and  inhibited  moderately  by  Bay  K  8644  and  stronglv  bv  funnel  web 
spider  venom  and  low  concentrations  of  Cd’ '  with  the  half-blocking  concentrations 
of  0.5  nM.  Ehe  single-channel  slope  conductance  of  the  BI  channel  wa.s  16  pS  «  ith 
1 10  mM  Ba’’  as  the  charge  carrier.  Thus  the  properties  of  the  BI  channel  as  well  as 
its  tissue  distribution  suggest  that  the  BI  channel  represents  the  P-t vpe  channel  Oocvtes 
injected  with  the  Bl-specific  mRNA  alone  showed  only  small  inward  Ba’’  current  in 
40  mM  external  Ba’’ .  But  when  the  a>  subunit  and  the  class  CaBl  P  subunit  from 
skeletal  muscle  were  coexpressed,  the  Ba’ '  current  increased  bv  two  orders  of  magni- 
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tude.  Coexpression  of  the  a>  or  the  (i  subunit  alone  increased  the  current  to  a  much 
smaller  extent,  the  latter  being  more  effective  than  the  former,  whereas  coexpression 
of  the  skeletal  muscle  y  subunit  exerted  no  significant  effect. 

The  class  BIV  (class  D)  channel  expressed  in  oocytes  was  the  DHP-sensitive  L-t\'pc 
channel  ."'  Coexpression  of  the  neuronal-type  splice  variant  of  the  class  CaBl  (J  subunit 
was  necessary  for  the  functional  expression  of  the  BIV  channel,  whereas  the  neuronal- 
type  splice  variant  of  the  a?  subunit  played  an  accessory  role  that  potentiates  calcium 
channel  activity.  The  BIV  channel  was  reversibly  blocked  by  oj-CgTx.  This  observa¬ 
tion,  together  with  the  distribution  of  both  the  class  C  and  class  BI\^  channels  in 
neurons,  may  imply  that  the  class  BIV  represents  the  neuronal  L-type  reversibly  in¬ 
hibited  by  tO-CgTx''  and  the  class  C  represents  the  neuronal  L-type  insensitive  to 
OJ-CgTx."’ 

To  address  functional  properties  of  the  Bill  calcium  channel,  an  expression  plasmid 
carryingthe  full-length  Bill  cDNA  (pKCRB3)  was  injected  into  cultured  skeletal  muscle 
myotubes  from  mice  homozygous  for  the  muscular  dysgenesis  mutation  Dvsgcnic 
myotubes  endogenously  express  only  a  low  voltage-activated  (T-type)  calcium  cur¬ 
rent,  "  and  also  a  very  low  level  of  I,u„  a  high  voltage- activated  (HVA)  calcium 
current  that  is  blocked  by  dihydropyridines.  Previous  studies  have  shown  that  dvsgenic 
myotubes  injected  with  cDNAs  encoding  cardiac  and  skeletal  muscle  DHP  receptors 
express  high  levels  of  DHP-sensitive  calcium  current.  In  these  studies,  the  injected 
myotubes  that  were  expressing  cDNAs  encoding  DHP  receptors  could  be  identified 
on  the  basis  of  contraction  in  response  to  electrical  stimulation.  "  However,  in  the 
case  of  dvsgenic  myotubes  injected  with  pKCRB  3,  contractions  in  response  to  electrical 
stimulation  were  not  observed.  I'hus,  3-4  days  after  injection  of  pKCRB3.  we  ran¬ 
domly  assayed  the  injected  myotubes  using  the  whole-cell  patch  clamp  technique  to 
determine  whether  they  were  expressing  HVA  calcium  current.  Of  43  injected  myo¬ 
tubes  examined,  14  expressed  an  appreciable  density  of  H\'A  calcium  current. 

An  exampleof  currents  recorded  from  a  Bill-expressing  cell  are  illustrated  in  Figl  nr: 
4(A).  In  this  cell,  test  depolarizations  to  potentials  >  -  10  m\'  elicited  a  panially 
inactivating  current  that  became  maximal  for  a  test  pulse  to  +  30  mV  (Fig.  4.  B)  In 
other  cells,  the  maximal  current  occurred  at  potentials  ranging  from  -i-  10  to  -i-  30 
mV,  with  +  20  mV  being  the  most  common.  This  voltage  dependence  is  similar  to 
that  previously  reported  for  N-type  current.'  *’  The  time  course  of  the  expressed 
current,  which  was  similar  with  either  Ca’*  or  Ba’*  as  the  charge  carrier  (data  not 
shown),  resembles  that  of  both  the  ensemble  average  determined  for  a  single  N-type 
channel  in  a  differentiated  PC  1 2  cell"*  and  the  CO-CgTx-sensitive  currents  produced 
in  HEK29  3  cells  by  transfection  with  cDNA  isolated  from  human  ncurobla,stoma 
cells.'"'  .At  a  test  potential  for  +  20  mV.  the  magnitude  of  the  peak  current  av  eraged 
6.89  ±  0.65pA/pF(n  =  14).  The  expressed  current  was  insensitive  to  dihydropyridine 
antagonists.  In  7  cells,  the  maximal  current  after  addition  of  I  mM  (-i-)  PN  200-1 10 
was  nearly  identical  (1 10  ±  4%)  to  the  current  recorded  prior  to  the  addition  (run-up 
of  the  expressed  current,  which  occurred  even  in  the  absence  of  any  solution  change, 
probably  accounts  for  the  small  increase).  It  has  been  shown  that  depolarizing  prepulses, 
which  are  too  weak  to  activate  N-type  current  (as  defined  by  sensitivity  to  (i)-CgTx), 
substantially  inactivate  the  transient  component  of  the  current  activated  by  a  subse¬ 
quent,  stronger  depolarization.*'  Figure  4(C)  shows  that  this  is  also  the  case  for  the 
current  present  in  myotubes  expressing  pKCRB3  since  the  transient  component  of 
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the  current  elicited  by  depolarization  from  -80  to  +20  mV  is  substantially  reduced 
when  the  depolarization  to  +20  mV  is  preceded  by  a  1  sec  prepulsc  to  -20  mV. 
On  average,  1  sec  prepulses  to  -  20  mV  and  -  ?0  mV  reduced  the  transient  component 
at  +20  mV  by  7.^.2  +  3.1%  (n  =  3)  and  62.6  +  2.3%  (n  =  6),  respectively 
An  irreversible  block  by  W-CgTx  is  increasingly  accepted  as  a  defining  attribute 
of  N-type  calcium  channels.''"*  Figure  4(D)  illustrates  the  effect  of  10  mM  (O-CgTx 
on  the  current  in  a  myotube  expressing  the  Bill  calcium  channel.  This  block  required 
several  minutes  to  reach  a  steady-state  and  could  not  be  reversed  by  prolonged  washing. 
For  a  300  msec  test  pulse  to  +20  m\',  10  mM  to-CgTx  reduced  the  peak  current, 
and  the  current  sustained  to  the  end  of  the  test  pulse,  respectively,  by  8.3  6  +  4.1 


A 


C 


B  Test  Voltage  (mV) 


FIGURE  4.  N  -type  whole-cell  calcium  currents  in  dvsgenic  mvotulRs  e.xpressmg  Bill  cl)N.\  (A) 
Family  of  calcium  currents  elicited  by  test  depolarizations  (\'ikm)  to  the  indicated  potentials  (m\  ) 
that  were  applied  from  a  holding  potential  (HP)  of  -  80  mV  (B)  Peak  current-voltage  relationship 
for  the  cell  illustrated  in  (A).  1  he  small  amount  of  current  at  negative  test  |x>tentials  represents  the 
endogenous  F-type  current  (1,„)  of  dysgenic  mvotubes  “  (C)  A  depolarizing  prepulse  preferenti.ilK 
inactivates  the  transient  component  of  expressed  N-tyix"  current  I  hc  test  depolarization  ( +  2(1  m\  ) 
svas  applied  either  directly  from  the  HP  of  -80  mV  (/)  or  after  a  1  sec  prepulse  to  -20  m\  (2) 
(D)  Expressed  N-type  current  recorded  before  (I)  and  after  (2)  exposure  to  tu-Cigl  x  Beisseen  the 
recordings  of  traces  /  and  2,  the  cell  was  exposed  for  5  min  to  10  pM  cu-Cg  l  x  G\1A  and  then 
extensively  washed  with  toxin-free  solution  for  another  5  min  The  residua)  current  after  exjxistire 
to  CU-Cgl  x  likely  represents  unblocked  I -type  current  V'lKsi  =  +  40  mV.  HP  =  -  80  m\  In  both 
(C)  and  (D)  I  pM  ( -*■ )  PN  2(X)- 1 1 0  was  present  throughout  the  ex|K-riment  to  block  anv  endogenous 
l,i„  "  All  currents  were  measured  with  an  “external  solution"  containing  (all  concentrations  are  given 
in  mM)  10  CaCI;.  145  Tetraethylammonium-CI.  0  00!  ictrodotoxin,  and  10  HEPES  (pH  7  4  with 
CsOH)  and  an  "internal  solution"  containing  140  Gs-aspartate,  10  Cs..-EGTA,  5  MgtT'.  and  10 
HEPES  (pH  7  4  with  CsOH) 
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and  87.5  ±  5.8%  (w  =  5  cells,  including  4  that  were  exposed  continuously  to  1  mM 
(  +  )  PN  200-1 10  to  block  any  endogenous  Ijvs) 

In  addition  to  examining  whole-cell  currents  in  pKCRB3-injected  myotubes,  we 
also  examined  currents  in  cell-attached  patches.  Figure  5(A-C)  illustrates  unitary  activ¬ 
ity  of  Bin  calcium  channel  in  response  to  test  depolarizations  to  -  10,  +  10,  and  +  30 
mV.  Channel  openings  were  relatively  rare  at  a  test  potential  of  -  10  mV,  became 
increasingly  frequent  at  -i-  10  mV,  and  still  more  frequent  at  +  30  mV.  Occasionally, 
as  many  as  three  channels  were  observed  to  be  open  simultaneously  in  this  patch 
(e.g.,  beginning  of  second  trace  in  Fig.  5,  C).  A  plot  of  unitary  current  amplitude 
versus  membrane  potential  (Fig.  5,  D)  yielded  a  slope  conductance  of  15  pS  for  the 
channels  in  this  patch.  Based  on  a  total  of  five  experiments,  the  average  slope  conduc¬ 
tance  was  14.3  ±  2.2  pS,  a  value  similar  to  previously  published  viues  for  N-type 
channels.* 

As  noted  above,  dysgenic  myotubes  endogenously  express  both  T-type  calcium 
current  and  a  low  density  of  the  DHP-sensitive  calcium  current  I,),,.  However,  it  is 
very  unlikely  that  the  calcium  channels  that  produce  these  endogenous  currents  are 
contributing  to  the  unitary  activity  like  that  illustrated  in  Figure  5.  First,  for  all  the 
cell-attached  recordings,  the  pipette  solution  contained  1  mM  (  +  )  PN  200-1  10,  a 
concentration  sufficient  to  produce  nearly  complete  block  of  l,h>.*'  Second,  for  1  -type 
channels,  the  unitary  slope  conductance  is  considerably  smaller  (only  —  10  pS),  and 
activation  occurs  over  a  range  of  potentials  >30  mV  hyperpolarized,  compared  to 
the  expressed  Bill  channels.^ 

The  ensemble  averages  of  unitary  Bill  currents  (Fig.  5)  have  a  time  course  qualita¬ 
tively  similar  to  that  of  whole-cell  Bill  currents  (Fig.  4,  A).  Each  displays  both  transient 
and  sustained  phase.  Thus,  these  data  provide  strong  support  for  the  notion  that  a 
single  molecular  species  can  produce  an  N-type  calcium  current  exhibiting  both  inacti¬ 
vating  and  non-inactivating  components'*  and  for  identifying  the  Bill  calcium  channel 
as  that  molecular  species. 

In  initial  descriptions,  the  inactivating  and  non-inactivating  components  of  HVA 
calcium  current  were  assigned  to  N-type  and  DHP-sensitive  L-type  channels,  respec¬ 
tively.'  However,  more  recent  work  has  demonstrated  that  in  many  cells  co-CgTx 
blocks  both  inactivating  HVA  calcium  current  and  a  part  of  the  non-inactivating 
HVA  calcium  current  that  is  insensitive  to  DHP.'* '  This  sensitivity  to  CO-CgTx 

suggested  the  existence  of  a  non-inactivating  component  of  N  current,  but  did  not 
establish  whether  the  non-inactivating  and  inactivating  components  arose  from  the 
identical  channel  type.  A  strong  argument  that  both  components  do  arise  from  a  single 
type  of  channel  is  the  demonstration  that  both  components  are  reconstructed  in 
ensemble  averages  of  individual  HVA  calcium  channels  in  PCI  2'*  and  rat  sympathetic 
ganglion  cells. By  a  process  of  exclusion,  the  recorded  individual  channels  analyzed 
in  both  cell  types  were  very  likely  of  the  (O-CgTx-sensitive  type,  but  the  molecular 
identity  of  individual  channels  is  difficult  to  establish  in  native  neuronal  tissues.  Thus, 
our  results— that  inactivating  and  non-inactivating  components  are  present  in  both 
the  unitary  and  macroscopic  currents  that  are  produced  by  expres.sion  of  the  Bill 
channel  in  dysgenic  myotubes— is  important  evidence  in  support  of  the  conclusion 
that  single  N-type  channels  produce  both  components  of  current  Additionally,  brief 
depolarizing  prepulses  do  not  provide  a  u.seful  method  of  distinguishing  N-type  channels 
from  other  types  since  a  1  sec  prepulse  to  -  20  mV  had  a  comparatively  small  effect  on 
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FIGURE  S.  Cell-attached  patch  recordings  of  N-type  calcium  channels  in  a  dysgcnic  myotuhc 
expressing  Bill  cDNA  (A-C)  Six  representative  (non<onsccutive)  records  of  unitaiy  actis  ity  (above) 
and  the  ensemble  average  (below)  obtained  from  a  three<hanncl  patch  for  each  of  the  indicated  test 
depolarizations,  which  were  200  msec  in  duration  and  applied  from  HP  =  -  90  m\'  The  pipette 
solution  contained  (in  mM):  1 10  Bad;,  10  HEPES,  0.001  tetrodotoxin,  and  OOOl  ( + )  PN  2(X)-1  !0 
(pH  =  74  with  tetraethylammonium-OH).  The  bath  solution  contained:  145  NaCl,  5  KCl,  2  CaCl;, 
1  MgCl;  and  10  HEPES  (pH  =  7.4  with  NaOH).  Linear  components  of  capacitative  and  leak  current 
were  removed  by  null  subtraaion.  Ensemble  currents  are  averages  of  40  (A),  120  (B),  or  UX)  (C) 
individual  sweeps.  Horizontal  scale  bars:  50  msec  Vertical  scale  bars  2  pA  (unitary  records)  or  0  5 
pA  (ensemble  averages).  (D)  Unitary  current-voltage  relationship  for  the  same  experiment  as  in  (A- 
C).  Each  point  represents  the  mean  +  s  c.m  of  at  least  65  individual  openings  (except  at  -  10  m\ 
where  only  12  openings  were  observed  in  40  sweeps)  Data  were  fit  by  a  linear  regression,  yielding 
a  slope  of  15  pS  (R  =  0  994) 


MORI  era;.:  MOLECULAR  DIVERSITY  OF  CA'*  CHANNEL 


10} 


the  maintained  component  of  current  through  Bill  channels  while  almost  completely 
inactivating  the  transient  component  (Fig.  4,  C). 

The  effect  of  the  coexpression  of  the  auxiliary  subunits  on  the  macroscopic  current 
properties  and  pharmacological  sensitivities  of  the  class  C  and  class  B1  channel  had 
not  been  reported.  However,  recent  works  have  shown  that  the  auxiliary  subunits 
have  pronounced  effects  on  macroscopic  characteristics  such  as  drug  sensitivity,  kinetics, 
and  voltage  dependence  of  activation  and  inactivation  of  the  class  C  calcium  chan- 
neis  -pjjg  presence  of  the  P  subunit  was  required  for  cAMP-mediated  increase 

of  the  class  C  calcium  channel  aaivity.*’  It  is  conceivable  that  different  combinations 
between  multiple  tti  subunits  and  P  subunits  comprise  heterologous  calcium  channel 
complexes  and  contribute  to  the  functional  heterogeneity  of  calcium  channels. 


CONCLUSIONS 

So  far,  molecular  biological  studies  of  calcium  channels  have  justified  the  former 
existing  funaional  classification.  Two  subfamilies  of  a,  subunit,  defined  from  the 
molecular  point  of  view,  correspond  to  two  classes,  L-types  and  non-L-types,  which 
can  be  distinguished  by  DHP  sensitivity  (Table  2).  The  L-type  subfamily  consists  of 
the  class  Sk,  C,  and  BIV  channels.  The  expressed  class  Sk  and  C  channels  mirror  the 
physiological  situation  in  skeletal  and  cardiac  muscle,  respectively.  The  class  BIV' 
channel  is  the  neuroendocrine  calcium  channel  reversibly  blocked  by  to-CgTx.  On 
the  other  hand,  the  non-L-type  subfamily  consists  of  the  Bl,  Bll,  and  Bill  channel. 
The  presence  of  the  BI  channel  in  cerebellar  Purkinje  cells  and  in  granule  tells  as  well 
as  the  pharmacological  and  electrophysiological  propenies  suggest  that  the  BI  channel 
represents  the  P-type  calcium  channel  in  neurons.  The  Bill  calcium  channel  is  the 
N-type  calcium  channel  in  neurons.  Because  the  voltage-sensing  region  S4,^*  the  pore¬ 
forming  region  between  SJ  and  S6,'”  and  the  region  between  repeats  111  and  IV^ 
involved  in  inactivation  process, are  highly  conserved  among  the  class  Bl,  Bll,  and 
Bin  channels,  the  class  BII  channel  is  supposed  be  a  high  voltage-activated  non- 
L-type  channel.  Molecular  biological  studies  also  aid  to  settle  ambiguity  in  functional 
categorization,  i.e.,  inactivation  kinetics  of  N-type  channels  and  CO-CgTx  sensitivities 
of  the  N-type  and  L-type  channels  in  neurons. 

In  the  future,  in  which  direaion  should  the  study  of  voltage-dependent  calcium 
channels  head?  One  possible  direaion  is  to  disintegrate  a  calcium  channel  molecule 
into  structural  elements  responsible  for  specific  functions,  such  as  Ca^*  selectivity, 
voltage-sensing,  and  gating.  Another  direction  is  to  find  other  proteins  associated  with 
calcium  channels  and  to  integrate  them  into  subcellular  structures,  i.  e.,  dendritic  spines 
and  presynaptic  aaive  zones  in  neurons,  or  triads  in  myotubes.  This  will  be  a  direct 
approach  to  elucidate  molecular  mechanisms  of  memory  in  brain,  neurotransmitter 
release,  and  excitation-contraction  coupling. 
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Neurotransmission  at  i.liemical  synapses  is  mediated  by  receptors  that  transduce 
transmitter  binding  into  alterations  of  membrane  potential.  Receptors  containing  inte¬ 
gral  ion  channels  mediate  rapid  (in  the  range  of  a  millisecond  or  less)  transduction 
events,  whereas  receptors  activating  G  protein-coupled  channels  operate  at  slower 
time  scales  (in  the  range  of  a  millisecond  to  second).  At  resting  membrane  potential, 
excitation  results  from  cation  influx,  but  inhibition  of  neuronal  firing  is  generated  In 
increased  chloride  permeability. 

The  nicotinic  acetylcholine  receptor  (nAChR)  at  the  neuromuscular  junction  initi¬ 
ates  muscle  contraction.  Because  of  its  abundance  in  fish  electric  organ,  it  is  the  best 
characterized  ion  channel  protein  known.’*  The  major  inhibitory  neurotransmitters 
at  central  synapses,  glycine  and  y-aminobutyric  acid  (GABA),  gate  chloride  channel¬ 
forming  receptors  of  similar  conductance  properties,'  but  distinct  pharmacology  '  The 
convulsive  alkaloid  strychnine  antagonizes  posrsynaptic  inhibition  bv  givcinc,  the  pre¬ 
dominant  inhibitory  neurotransmitter  in  brainstem  and  spinal  cord,  whereas  benzodiaz¬ 
epines  and  barbiturates  modify  inhibitory  GABA,\  receptor  responses  in  mans’  regions 
of  the  central  nervous  system  (CNS).  This  repon  summarizes  recent  data  on  the 
.structure  and  biology  of  inhibitory  glycine  receptors  (GlyRs) 


PRIMARY  STRUCTURE  OF  GLYCINE  RECEPTOR  SUBUNITS 

The  GlyR  was  the  first  receptor  protein  to  be  isolated  from  the  mammalian  central 
nervous  system.  Affinity-purified  GlyR  contains  two  glycosylated  integral  membrane 
proteins  of  48  kD  (a)  and  .5'8  kD  (P),  which  form  the  chloride  channel  of  the  receptor. 
A  co-purifying  peripheral  membrane  protein  of  9?  kD,  gephyrin,'  ''  is  a.s.sociated  with 
the  cytoplasmic  domains  of  the  GlyR  and  has  been  implicated  in  the  synaptic  lociiliza- 
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tion  of  the  receptor.'  “  Consistent  with  this  view,  gephyrin  binds  with  high  affinity 
to  polymerized  tubulin,"  and  thus  may  anchor  the  GlyR  to  subsynaptic  cytoskeletal 
structures. 

The  a  and  P  subunits  of  the  GlyR  share  remarkable  similarities  in  primary  structure, 
as  deduced  by  cDNA  sequencing.'"  "  The  putative  signal  sequences  of  both  polypep¬ 
tides  are  clearly  different,  but  the  amino  terminal  regions  of  the  mature  proteins  display 
.fO  to  707o  sequence  identity.  In  the  C-terminal  half  of  the  polypeptide,  four  highly 
conserved  hydrophobic  segments  (M 1  to  M4)  are  thought  to  form  membrane-spanning 
a-helices.  This  arrangement  resembles  that  of  nAChR  and  GABA,\  receptor  proteins, 
suggesting  that  all  channel-forming  receptors  are  composed  of  subunits  sharing  a  com¬ 
mon  transmembrane  topology.^  Moreover,  significant  amino  acid  sequence  homology 
exists  between  the  subunits  of  different  ligand-gated  ion  channels  Thus,  these  receptors 
constitute  a  protein  superfamily  that  evolved  by  gene  duplication  from  a  common 
ancestor  early  in  phylogeny. 

GlyR  a  SUBUNITS  FORM  HOMO-OLIGOMERIC  CHANNELS 

GlyR  a  subunits  contain  domains  for  both  ligand  binding  and  ion  conduction 
Indeed,  heterologous  expression  of  rat  or  human  GlyR  a  subunits  in  Xenopus  oocvtes'  ’ 
or  mammalian  cells"  creates  glycine-gated  chloride  channels,  which  are  blocked  by 
nanomolar  concentrations  of  strychnine,  as  is  the  GlyR  in  spinal  neurons.  Moreover, 
these  channels  are  gated  by  the  agonists  glycine,  p-aJanine,  and  taurine  and  show  a 
biphasic  desensitization  behavior.'’  Thus,  GlyR  a  subunits  assemble  efficiently  into 
homo-oligomeric  channels,  which  closely  resemble  the  native  GlyR  in  biophysical  and 
pharmacological  properties.  This  finding  suggests  that  homomeric  GlyRs  may  exist 
in  vivo,  an  interpretation  supported  by  biochemical  data  obtained  with  embyronic 
neurons.''*  Moreover,  it  has  been  exploited  for  the  characterization  of  different  GlvR 
a  subunit  isoforms  in  heterologous  expression  studies  (see  below) 

THE  GlyR  IS  A  PENTAMERIC  PROTEIN 

Analysis  of  the  subunit  composition  of  the  purified  GlyR  by  cro.ss-linkmg  and 
sedimentation  techniques  indicates  a  pcntameric  quaternary  structure  with  three  a 
and  two  P  subunits,  respectively.'’  Interestin^y,  this  closely  resembles  the  nAChR. 
which  also  contains  five  membrane-spanning  subunits.'*  In  view  of  the  above-discus.sed 
sequence  homology  and  common  transmembrane  topology  of  different  channel¬ 
forming  receptor  proteins,^  '*  a  quasisym metrical  pentameric  complex  of  transmem¬ 
brane  polypeptides  around  a  central  ion  pore  is  thought  to  represent  the  common 
quaternary  structure  of  different  members  of  the  ligand-gated  ion  channel  super- 
family.^""’ 


THE  LIGAND-BINDING  DOMAIN 


The  extracellular  N-terminal  domain  of  GlyR  subunits  contains  two  precisely 
conserved  cysteine  residues  that  also  are  found  in  nAChR  and  GABA\  receptor  poly- 
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peptides  and  may  form  a  disulfide  bridge  essential  for  receptor  tertiary  structure. ’ 
Photoaffinity  labeling  experiments  with  [’Hjstrychnine  indicate  that  the  ligand  binding 
site  of  the  GlyR  resides  on  the  a  subunit.’’  '*  Based  on  theoretical  considerations'" 
and  proteolytic  cleavage  of  (’Hlstrychnine-labeled  GlyR  preparations,'*”  a  stretch  of 
charged  residues  preceding  the  first  transmembrane  segment  has  been  postulated  to 
be  part  of  the  binding  pocket.  Interestingly,  a  corresponding  region  containing  two 
neighboring  cysteine  residues  is  known  to  be  important  for  acetylcholine  binding  to 
the  a  subunits  of  the  nAChR.’* 

Site-directed  mutagenesis  of  human  and  rat  GlyR  a-subunit  isoforms,  combined 
with  heterologous  expression  in  Xenopus  oocytes  or  mammalian  cells,  has  led  to  a 
more  detailed  picture  of  the  ligand  binding  region.  By  comparing  the  pharmacology 
of  different  variants  of  the  neonatal  a2  subunit,  residue  1 60  was  identified  as  crucial 
for  high-affinity  strychnine  binding,^”  Moreover,  amino  acids  200  and  202  preceding 
transmembrane  segment  Ml  have  been  shown  to  represent  important  determinants 
of  glycine  binding,^'  and  exchanges  of  residues  1 1 1  and  2  12  were  found  to  strongly 
affect  the  potency  of  the  glycinergic  agonists  (i-alanine  and  taurine.’’  Based  on  these 
data,  a  model  of  the  ligand  pocket  of  the  GlyR  has  been  proposed  where  agonist 
binding  involves  multiple  interactions  with  at  least  three  different  domains  in  the 
extracellular  region  of  the  a  subunit. '•’  Interestingly,  their  positions  correspond  to 
regions  of  nAChR  a  subunits  known  to  be  involved  in  agonist  and  antagonist  binding 
These  results  suggest  that  a  common  folding  pattern  of  the  extracellular  domain  of  a 
subunits  generates  the  ligand  binding  pocket  of  all  members  of  this  receptor  superfamily. 


THE  CHLORIDE  CHANNEL-FORMING  SEGMENT  M2 

The  transmembrane  segments  Ml  to  M3  are  highly  conserved  between  GlyR 
and  GABAa  receptor  subunits,  pointing  to  their  potential  importance  in  chloride 
channel  function.^  Segment  M2  contains  a  high  content  of  uncharged  polar  amino 
acid  residues  and  therefore  is  thought  to  provide  the  hydrophilic  inner  lining  of  the 
chloride  channel.  Here,  eight  consecutive  amino  acid  residues  are  identical  in  most 
GABAa  receptor  and  GlyR  a  subunits.  Interestingly,  transmembrane  segment  M2 
of  nAChR  proteins  is  known  to  be  involved  in  cation  transport  and  channel  blocker 
binding.  Segment  M2  thus  is  considered  a  common  structural  determinant  of  ligand¬ 
gated  ion  channel  function.' 

The  M2  segments  of  anion-selective  GlyR  and  GABAa  receptor  subunits  terminate 
with  positively  charged  residues  both  intra-  and  extracellularly.  Patch-clamp  data  indi¬ 
cate  two  sequentially  occupied  anion  binding  sites  in  both  GlyR  and  GABAa  receptor 
channels.'  The  charged  residues  at  the  termini  of  the  M2  segments  may  be  the  structural 
correlate  of  these  sites  at  the  presumptive  inner  and  outer  mouths  of  receptor  ion 
channels,  and  thus  may  provide  their  ion  selectivity.  Consistent  with  this  proposals, 
a  synthetic  peptide  corresponding  to  segment  M2  of  the  GlyR  a  subunit  has  been 
shown  to  produce  randomly  gated  “channels"  on  incorporation  into  planar  lipid  bi- 
layers.'^  Notably,  the  ion  selectivity  of  these  channels  was  altered  by  inverting  the 
terminal  charges  of  the  peptide. 
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ROLE  OF  THE  p  SUBUNIT 

The  importance  of  segment  M2  in  ion  channel  formation  is  corroborated  further 
by  studies  of  GlyRs  generated  by  coexpression  cf  the  a  and  P  subunits.^'  Although 
the  resulting  chloride  channels  show  no  obvious  differences  in  agonist  pharmacolog)' 
and  strychnine  inhibition,  they  differ  greatly  in  sensitivity  to  the  channel  blocking 
agent  picrotoxinin.  This  alkaloid  is  a  potent  antagonist  of  both  GABAa  receptors  and 
homomeric  GlyRs  generated  by  a  subunit  expression.’’  ”  However,  the  channels 
coassembled  from  GlyR  Ot  and  3  subunits  display  a  50-100  fold  reduced  sensitivity 
to  picrotoxinin  block. Site-directed  mutagenesis  identified  transmembranc  segment 
M2  of  the  3  polypeptide  as  the  molecular  determinant  of  picrotoxinin  resistance  and 
showed  that  its  substitution  by  the  corresponding  residues  of  the  a  subunit  generates 
picrotoxinin-sensitive  heteromeric  receptors.’'  Moreover,  preliminary  patch  clamp  data 
show  that  the  single  channel  conductances  of  heteromeric  GlyRs  are  drastically  reduced 
as  compared  to  those  of  homomeric  a  subunit  receptors 


GLYCINE  RECEPTOR  DIVERSITY 

Biochemical  and  cDNA  sequence  data  have  established  subtype  diversitv  as  a 
general  phenomenon  for  brain  neurotransmitter  receptors.  For  the  GlyR.  subtype 
heterogeneity  was  first  noted  during  spinal  cord  development,’'’  There,  a  neonatal 
receptor  isoform  is  prevalent  at  binh,  which  differs  in  strychnine  binding  affinity, 
immunological  properties,  molecular  weight  (49  kD)  of  its  ligand  binding  subunit.'” 
and  mRNA  size^'  from  the  adult  receptor  protein.  This  neonatal  GlvR  isoform  is 
abundantly  expressed  in  primary  cultures  of  embryonic  spinal  cord,  a  condition  that 
facilitated  its  biochemical  analysis.'''  Pulse-chase  experiments  indicate  that  the  neonatal 
GlyR  is  a  metabolically  stable  protein  (half-life  approximately  2  days)  that  may  have 
a  homo-oligomeric  structure,''* 

Evidence  for  GlyR  heterogeneity  also  came  from  DNA  sequencing  data.  By  screen¬ 
ing  cDNA  and  genomic  libraries  under  conditions  of  low  stringency,  variants  of  the 
originally  isolated  GlyR  a  subunit  (now  termed  a  1)  have  been  isolated  rhea2  subunit 
sequences  predicted  from  human^*  and  rat^"^''  cDNAs  display  about  80%  amino 
acid  identity  to  their  al  counterparts  and  correspond  to  the  ligand  binding  subunits 
of  the  neonatal  GlyR.  In  addition,  an  a 3  sequence  has  been  isolated  from  rat,”  and 
clones  encoding  exons  of  a  fourth  variant,  a4,  have  been  identified  in  mouse  genomic 
libraries  '*”  Thus,  considerable  a  subunit  diversity  exists  for  the  GlyR.'"’  So  far,  no 
variants  of  the  3  subunit  have  been  detected  (A.  Kuryatov,  unpublished  data). 

In  situ  hybridization  experiments  with  sequence-specific  oligonucleotides  have  re¬ 
vealed  a  complex  picture  of  the  developmental  and  regional  distribution  of  the  different 
GlyR  subunit  mRNAs.’^  In  the  rat,  a  I  transcripts  are  found  in  spinal  cord,  brain 
stem,  and  the  colliculi,  whereas  a2  mRNA  is  also  seen  in  several  forebrain  regions 
including  the  hippocampus,  cerebral  cortex,  and  thalamus,”  Low  levels  of  a  3  suhunit 
mRNA  are  detected  in  the  olfactory  bulb,  the  hippocampus,  and  in  panicular  the 
cerebellum,  whereas  3  subunit  transcripts  are  abundantly  expressed  throughout  the 
entire  brain  and  spinal  cord,  suggesting  that  further  GlyR  suhtypes  may  exist  GlyR 
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a2  and  3  transcript  accumulate  already  at  embryonic  stages,  whereas  al  and  a  5 
mRNAs  appear  only  postnatally.” 

Alternative  splicing  in  addition  contributes  to  GlyR  heterogeneity.  For  the  rat  a  1 
subunit,  variant  cDNAs  have  been  identified  that  originate  from  alternate  splice  ac¬ 
ceptor  site  selection  at  an  exon  encoding  the  cytoplasmic  domain  adjacent  to  transmem¬ 
brane  segment  M3.’'*  The  resulting  insertion  contains  eight  additional  amino  acid 
residues  and  creates  a  novel  phosphorylation  site.  Similarly,  the  rat  a2  polypeptide 
exists  in  two  versions,  which  originate  from  alternative  use  of  exon  3  and  differ 
by  only  two  conservative  amino  acid  substitutions  in  the  extracellular  region  of  the 
polypeptide.”  SI  nuclease  mapping,  polymerase  chain  reaction,  and/or  in  situ  hybrid¬ 
ization  experiments  indicate  that  these  splice  variants  are  expressed  at  all  stages  of 
postnatal  development. 


CONCLUSIONS  AND  PERSPECTIVES 

The  currently  available  structural  and  functional  data  on  GlyRs  provide  a  detailed 
view  of  these  ion  channel  proteins.  Moreover,  they  underline  the  importance  of 
glycincrgic  synapses  in  the  control  of  neuronal  activity.  The  crucial  role  of  GlyRs  in 
regulating  diverse  motor  and  .sensory  functions  is  supported  further  bv  studies  on 
animal  mutants.  Spastic  mice""'’  and  myoclonic  Poll  Hereford  cattle’’  display  severe 
motor  deficits  resulting  from  GlyR  deficiencies  that  reduce  the  life-span  of  the  affected 
animals.  GlyR  anomalies  also  may  be  implicated  in  human  neurological  disea.scs  Inter¬ 
estingly,  the  GlyR  02  subunit  gene  in  humans  has  been  localized  in  close  vicinitx  to 
the  Duchenne-Becker  muscular  dystrophy  locus  on  the  X  chromosome.  Thus,  further 
unraveling  of  the  molecular  biology  of  inhibitory  GlyRs  may  not  only  contribute  to 
understanding  the  function  and  pharmacology  of  this  neuronal  channel  protein,  but 
also  help  to  elucidate  pathogenic  mechanisms  in  animals  and  man 
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INTRODUCTION 

The  application  of  molecular  biology  to  the  study  of  the  \  ertebrate  brain  GABA  v 
receptor  has,  in  the  period  of  only  five  years  from  the  initiiil  cloning  of  four  of 
its  cDNAs,' '  produced  a  vxst  body  of  totally  new  information  and  insights  for  the 
understanding  of  this,  the  major  inhibitory  neurotransmittcr  receptor  of  the  brain 
Four  different  subunit  types  of  this  ion-channel  receptor  (a,  P,  y.  and  6)  ha\  e  thus 
been  recognized  and  work  from  several  laboratories  (for  references,  see  the  re\  ie\s  in 
Burt  &  Kamatchi')  has  resulted  in  the  reporting,  to  date,  of  the  cDNA  and  deduced 
amino  acid  sequences  for  six  a  subunits  (al-a6),  four  p  subunits  (Pl-P4),  three  y 
subunits  (yI-YD.  a  6  subunit,  as  well  as  pi  in  the  retina,^  which  may  substitute  for 
an  a  subunit  there.  Each  is  encoded  by  a  separate  gene 

The  co-expression  of  these  subunits,  in  either  Xenopus  ooevtes'  ’  or  transfected 
mammalian  cells,'  has  permitted  the  pharmacologies  produced  bv  different  subunit 
combinations  to  be  defined.  Thus,  the  yl  .subunit  (but  not  the  Yl  subunit'’)  confers 
on  the  complex  the  normal  response  to  benzodiazepine  (BZ)  positive  and  inverse- 
agonists. '  We  shall  describe  here  how  variation  of  the  a  subunit  tvpe  in  apY  combina¬ 
tions  also  affects  specific  pharmacological  properties. 

Such  co-expression  studies  led  to  the  now  generally  accepted  view  that  the  GAB, A  \ 
receptors  in  vivo  are  comprised  of  combinations  of  panicular  i.soforms  of  these  subunits. 
For  the  BZ-sensitive  types  this  would  require,  on  present  knowledge,  one  of  the  apY 
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combinations  (though  the  stoichiometry  there  is  undefined).  However,  since  also  some 
BZ-insensitive  types  have  been  detected,  in  studies  on  native  GABA  s  receptors  in  situ 
this  would  indicate  that  additional  combinations  exist  where  the  y  is  replaced  presum¬ 
ably  by  6  or  an  extra  a  or  p. 

In  all,  the  various  possibilities  compatible  with  the  properties  seen  in  co-expressions 
could  allow  a  theoretical  total  on  the  order  of  3,000  GABAs  receptor  subtypes.  It 
is  not  believed  that  all,  or  more  than  a  fraction,  of  these  potential  combinations  actually 
exist  in  vivo.  Mapping  the  co-distributions  of  the  subunits  by  in  sttu  hybridization  of 
their  mRNAs  does  not  have  the  resolution  needed  to  determine  the  actual  number 
of  combinations,  although  there  is  clearly  a  complex  set  of  non-matching  distributions  .* 
This  demonstrates  that  high  diversity  in  the  receptor  subtypes  does  indeed  exist. 

What  is  the  reason  for  the  great  multiplicity  of  combinations  of  these  subunits 
in  vivo?  It  is  presumed  that  each  natural  combination  represents  one  subtype  of  the 
GABAa  receptor,  which  differs  from  other  subtypes  in  the  detailed  configuration  of 
one  or  more  of  the  functional  sites  of  the  receptor.  Significant  functional  differences 
have  been  detected  when  the  isoform  of  a  in  a  given  combination  is  changed,  as  in 
the  case  of  the  benzodiazepine  site  ligands.’  Further  analysis  of  this  has  recently  been 
made  and  will  be  presented  in  this  paper.  In  addition,  the  programming  of  neuronal 
development  to  provide  the  switching-on  of  two  different  isoform  genes  in  different 
pathways,  or  at  different  stages,  may  permit  their  differential  regulation  even  if  the 
two  receptors  are  very  similar.  A  high  multiplicity  of  the  receptors  may,  for  both  of 
these  reasons,  allow  GABA  to  be  employed  in  con.structing  a  varietv  of  complex 
neuronal  circuits,  although  it  is  a  ubiquitous,  single  inhibitoiy  transmitter  in  the  nervous 
system. 

If  each  permitted  combination  of  isoforms  indeed  represents  a  different  subtvpc 
of  GABAa  receptor,  the  pharmacology  of  this  receptor  must  be  far  more  complex  than 
any  that  could  be  analyzed  by  conventional  methods.  The  different  pharmacologies  can 
only  be  defined  by  expressing  different  mixtures  of  recombinant  isoforms  This  should 
preferably  be  done  in  permanent  cell  lines,  for  constant  reference  and  general  availabil¬ 
ity.  Since  a  comparable  level  of  stable  expression  of  several  DNAs  is  required  together, 
this  operation  is  less  straightforward  to  perform  successfully  than  for  single-subunit 
receptors.  Multiple  GABAA-receptor  subunits  can,  however,  be  so  expressed  when 
an  inducible  promoter  system  is  used."’  when  the  exogenous  receptors  are  not  present 
on  the  cells  except  when  being  analyzed,  so  that  an  ionic  imbalance  due  to  channel 
openings  does  not  accumulate.  Such  cells,  when  induced,  are  suitable  for  patch¬ 
clamping  analysis  of  channel  properties,  as  well  as  for  pharmacological  distinctions 
made  both  by  ligand  binding  measurements  and  by  recording  of  currents  That  system, 
initially  used  with  stable  aP  combinations,"’  has  recently  been  extended  to  a  stable 
apY  tell  line. 


CHICKEN  GABAa  RECEPTOR  SUBUNIT  cDNAs 

The  recombinant  GABA  receptor  subunits  obtained  in  this  laboratory  and  else¬ 
where  have  hitherto  been  derived  only  from  mammals  (bovine,  human,  rat,  mouse). 
We  have  recently  gone  on  to  use  mammalian  GABAa  receptor  subunit  cDNAs  to 
isolate  the  corresponding  cDNA  sequences  from  the  chicken.  We  have  chosen  this 
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animal  for  further  molecular  biological  analysis  of  GABAa  receptors  (!)  to  look  for 
sequence  features  conserved  throu^  the  vertebrates;  (2)  because  of  its  amenability  to 
experimental  manipulation  in  relation  to  gene  expression  (e.g.,  for  developmental 
studies);  and  (i)  because  the  original  work  on  the  expression  of  GABAa  receptors  in 
Xenopus  oocytes  showed  that  poly(A)*  RNA  isolated  from  chick  brain  induced  a 
particularly  strong  and  robust  response"  indicating  this  as  an  excellent  source  (as  it 
has  indeed  proved)  for  the  cloning  of  further  subtypes. 

Using  low-stringency  hybridization  conditions,  a  series  of  a-,  P-,  and  y-subunit 
clones  were  isolated  from  an  embryonic  chick  whole-brain  cDNA  library.  The  se¬ 
quences  of  the  chicken  GABAa  receptor  mature  polypeptides  that  we  have  obtained 
are  highly  homologous  to  their  mammalian  counterparts.  For  example,  the  chicken 
al  subunit  sequence"  is  98%  identical  to  the  corresponding  bovine  sequence,  the 
chicken  P 3-subunit  sequence"  is  92%  identical  to  the  bovine  33-subunit  sequence, 
and  the  chicken  Y2-subunit  sequence"  is  96%  identical  to  the  corresponding  rat 
sequence.  This  extremely  high  degree  of  homology  is  surprising,  considering  the  large 
evolutionary  distance  between  avian  and  mammalian  species.  The  majority  of  these 
differences  are  found  in  the  region  of  the  polypeptide  that  is  presumed  to  be  intracellular, 
i.e.  between  transmembrane  domains  M3  and  M4,  or  near  the  amino  terminus. 

Further,  we  have  isolated  a  novel  chicken  34-subunit  cDNA"  not  previously 
known  from  the  mammal.  This  exhibits  only  —  72%  identity  to  the  mammalian  pi-. 
32-,  and  33-subunit  sequences.  In  contrast,  as  noted  above,  other  chicken  GABAa 
receptor  subunits  are  hi^Iy  homologous  (>92  %  identical)  to  their  precise  mammalian 
counterparts. 

Interestingly,  DNA  sequencing  of  the  34  subunit  cDNA  clones  described  above 
revealed  that  two  forms  of  the  34  subunit  exist  that  differ  by  the  pi  esence  or  absence 
of  an  extra  four  amino  acids  (Val-Arg-Glu-Gln)  in  the  presumed  intracellular  loop 
region."  Sequencing  of  genomic  DNA  in  the  region  corresponding  to  the  12  bp 
insertion,  which  is  found  in  one  of  the  three  cDNA  clones  isolated  and  which  encodes 
the  additional  four  amino  acids,  reveals  an  intron  in  the  gene  at  the  position  correspond¬ 
ing  to  that  where  the  two  different  34  subunit  cDNA  sequences  differ.  Two  possible 
5'  donor  splice  sites  that  are  separated  by  12  bp  are  found  in  this  region  of  the  gene; 
use  of  the  more  5'  of  these  results  in  a  34  subunit  that  lacks  the  four  amino  acid 
insertion,  while  use  of  the  more  3'  of  these  yields  a  subunit  (designated  34')  that  has 
the  extra  four  amino  acids." 

Further,  a  recombinant  y2  subunit  was  obtained  from  the  chicken,  in  two  forms 
that  differ  by  the  presence  or  absence  of  an  extra  eight  amino  acids  in  the  presumed 
intracellular  loop  region.'*  This  is  of  interest  because  the  shorter  form  of  y2  has  lost 
one  of  the  consensus  sites  for  serine  phosphorylation  by  protein  kinase  C.  The  same 
alternative  splicing,  at  an  equivalent  position,  was  concurrently  found  in  the  bovine 
Y2  mRNA"  and  likewise  in  the  mouse  and  the  actual  phosphorylation  of  this 
sequence  has  been  demonstrated." 

Hence,  in  the  vertebrates  in  general  the  GABAa  receptor  is  encoded  by  a  set  of 
1 5  or  more  genes,  and  the  subunits  produced  can  be  further  diversified  (at  least  in 
some  cases)  by  alternative  splicing  of  the  gene  transcript.  Each  isoform  (a  1 ,  a2,  etc.) 
of  a  given  subunit  is  maintained  throughout  vertebrate  evolution  and  has  an  exceptional 
degree  of  conservation  of  its  separate  identity. 
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CLONING  OF  AN  INVERTEBRATE  GABAa  RECEPTOR 
SUBUNIT  cDNA 

It  is  clearly  of  interest  to  extend  this  comparison  across  the  much  greater  phyloge¬ 
netic  distances  to  the  invertebrates,  where  GABAa  type  receptors  have  been  identified 
pharmacologically,  for  example,  in  much  detail  on  molluscan  neurons.  There  they  show 
behavior  in  common  with  mammalian  GABAa  receptors,  e.g.,  in  anionic  selectivity, 
blockade  by  bicuculline  and  by  picrotoxin,  althou^  some  differences  can  also  be 
found. By  low-stringency  screening  of  a  Lymnaean  genomic  library  with  the  full- 
length  bovine  GABAa  receptor  3 1-subunit  cDNA,’  we  were  able  to  isolate  a  series 
of  clones.  Analysis  of  these  has  shown  that  several  types  of  sequence  related  to  vertebrate 
GABAa  receptor  subunits  exist  in  Lynmaea.  From  such  3-subunit-like  coding  sequences 
we  proceeded  to  the  cloning  of  a  lull-length  Lymnaean  cDNA.  This  encodes  a  polypep¬ 
tide”  with  a  signal  prepeptide  sequence  followed  by  a  mature  54,000-dalton  subunit 
sequence.  The  latter  is  much  more  like  the  3  subunits  than  the  others  of  mammalian 
GABAa  receptors,  being  —  50%  identicaltoanyofthe  vertebrate  3  subunits,  suggesting 
these  diversified  later  in  evolution.  In  its  structure  (Fig.  1),  the  molluscan  subunit 
shows  the  features  common  to  all  of  the  vertebrate  subunits,  and  in  particular  the 
four  deduced  transmembrane  domains  M1-M4  and  the  same  relative  positions  of 
these  in  the  chain.  The  conservation  of  the  subunit  sequence  between  the  mammals 
and  the  mollusc  is  high  in  MI-MJ,  but  notably  lower  in  M4,  perhaps  denoting  a 
less  imponant  structural  role  for  M4  in  the  receptor  in  general.  The  loop  between 
Ml  and  M4,  which  is  presumed  to  be  intracellular  in  the  topology  of  the  GABAa 
receptor  generally,'  is  poorly  conserved  (Fig.  1),  suggesting  that  much  of  the  loop  is 
needed  for  its  length  rather  than  its  specific  structure.  This  loop  does,  however,  contain 
two  overlapping  consensus  sequences  for  phosphorylation  by  cAMP-dependent  protein 
kinase,  a  type  found  there  in  all  vertebrate  3  subunits,  so  that  we  deduce  that  pans 
of  the  loop  are  maintained  for  functional  intracellular  interactions. 

Also  notewonhy  is  the  high  conservation  (Fig.  1)  of  the  15-residue  “cys  loop" 
structure  in  the  N-terminal  region,  a  feature  common  to  all  vertebrate  GABA.\  receptor 
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FIGURE  1 .  The  percentages  of  sequence  identity  between  the  Lymnaea  P  subunit  and  the  bovine 
P I  subunit  are  shown  for  the  different  regions  of  the  polypeptide. 
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subunits  and  indeed  to  the  whole  of  a  superfamily  of  transmitter-gated  ion  channels 
to  which  they  belong.'  All  of  those  residues  in  this  loop,  which  appear  to  be  important 
in  other  CiABA  receptors,  '  are  ull^.hanged  lU  the  invcnebratc. 

There  is,  in  addition,  a  relatively  high  degree  of  conservation  of  the  rest  of  the 
large  N-terminal  (deduced  extracellular')  domain,  which  on  inspection  shows  many 
blocks  of  complete  sequence  identity  with  all  of  the  known  3  subunits.*’  ’  The  substitu¬ 
tions  that  occur  outside  these  blocks  represent  natural  mutations  that  are  compatible 
with  3-subunit  function  and  offer  a  guide  to  mutagenesis  experiments  and  their  interpre¬ 
tations. 

This  molluscan  subunit  is  part  of  a  functional  GABAa  receptor,  since  when  ex¬ 
pressed  and  assembled  in  the  Xenopus  oocyte  system”  an  anion  channel  was  opened 
by  GABA  and  muscimol  and  showed  bicuculline  blockade.”  The  homo-oligomeric 
receptor  thus  evidenced  is  not  thought  to  be  a  natural  form,  since  the  expression 
obtainable  was  low,  but  a  hybrid  a3  receptor  with  high  expression  could  be  obtained 
when  the  bovine  al  subunit  was  co-expressed  with  the  molluscan  3  subunit.”  This 
functional  association  of  invenebrate  and  vertebrate  polypeptides,  which  has  not  been 
reported  before  with  neuroreceptors,  shows  that  despite  the  ~  50%  difference  between 
a  mammalian  and  a  molluscan  3  subunit  the  invertebrate  sequence  encodes  all  of  the 
features  necessary  for  co-operative  assembly  and  function  of  a  3  subunit  in  the  mamma¬ 
lian  GABAa  receptor. 


THE  CONSERVATION  OF  THE  GENOMIC  STRUCTURE 
IN  GABA  RECEPTORS 

The  constancy  of  the  amino  acid  sequence  for  any  given  subunit  isoform  (a  1  or 
al  or  etc.)  is,  as  we  have  seen,  exceptionally  high  in  vertebrate  phytogeny  (>90%), 
so  far  as  it  has  been  sampled.  This  supports  the  concept  that  each  subunit  isoform 
of  the  GABAa  receptor  has  a  separate  and  significant  functional  role  Moreover, 
construction  of  the  most  parsimonious  phylogenetic  tree  for  the  entire  superfamily 
suggests  that  the  divergence  of  the  GABAa  and  acetylcholine  receptors  arose  early  in 
metazoan  evolution.”  It  is,  therefore,  of  much  interest  to  see  whether  the  GABA 
receptor  genes  show  an  evolution  into  subtype-specific  exon  patterns  Likewise,  the 
proposal  that  the  nicotinic  acetylcholine  and  GABAa  receptors  arose  in  evolution 
from  a  common  ancestor'  can  be  examined  further  at  the  level  of  genomic  organization 

Partial  structures  of  some  of  the  genes  for  GABA  receptor  isoforms  have  been 
determined  in  our  laboratory  for  representative  cases  from  man  and  from  the  chicken, 
so  that  the  positions  of  all  or  some  of  the  introns  have  been  located  in  each.  Thus, 
the  intron/exon  pattern  was  determined  fully  across  the  coding  sequence  for  the 
chicken  34-  subunit  gene,”  for  most  of  it  in  the  human  al  and  al  genes  and  for  a 
few  of  the  boundary  positions  in  the  human  aS  and  yl  genes.”  Isolated  boundary 
positions  were  also  found  in  the  course  of  studies  on  the  chicken  yl  cDNA'"  and 
the  bovine  a)  cDNA.^  Others  have  reported  the  boundary  positions  for  the  mouse 
8  subunit  gene”  and  recently  for  a  partial  human  3l  gene  structure.” 

From  each  of  these  studies,  the  same  pattern  has  emerged  (Fig.  2).  The  venebrate 
a,  3.  and  y  subunit  genes  are  exceptionally  large  for  receptor  genes,  ~  100-200  kb, 
and  their  introns  are  therefore  very  large.  The  mou.se  8  gene,”  in  contrast,  is  only 
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1 3  kb.  Tiitii.  arc  nine  exons  in  all  cases  (plus  a  tciith,  not  always  used,  lound  so  iar 
only  in  yl,  being  involved  in  the  alternative  splicing  to  give  a  variant  structure  of  the 
intracellular  loop,  as  described  above).  The  positions  of  the  exons  are  constant  or 
extremely  close  (in  all  the  cases  where  they  have  been  determined)  to  give  the  fixed 
pattern  shown  in  Figure  2 .  There  the  exons  (between  the  arrows)  are  shown  under 
the  corresponding  points  in  the  subunit  polypeptide.  Two  exons  cover  Ml -M3,  with 
M4  always  separated. The  Cys  loop  in  the  extracellular  region  (noted  above)  is  always 
in  a  separate  small  exon.  Tbe  constancy  of  the  intron  positions  in  vertebrate  evolution 
and  in  the  different  subunit  types  is  remarkable 

Funher,  similar  analysis  of  the  gene  for  the  above-described  molluscan  (5  subunit"' 
shows— as  far  as  bas  been  determined— that  the  positions  of  these  boundaries  are 
maintained  with  high  precision  (Fig.  2).  This  invariance  of  the  genomic  organization 
in  the  subunits  across  the  evolutionary  distance  involved  is,  again,  highly  exceptional 
and  reinforces  the  argument  forthe  very  high  selection  pressure  on  the  subunit  structure 
in  the  GABAa  receptors. 

The  genomic  organization  has  also  been  determined  for  tbe  nicotinic  acetylcholine 
receptors,  for  various  subunits  from  muscle  receptor  from  man,’*’''  mouse,"'  and 
chicken."  This  can  be  compared  with  that  for  the  neuronal  nicotinic  receptor  subunits 
from  chicken’’  and  rat."  The  pattern  is  constant  for  all  of  the  neuronal  subunits 
analyzed,  whereas  the  muscle  gene  pattern  varies  somewhat  with  the  subunit  type  (9 
exons  in  a,  12  in  the  others).  The  neuronal  nicotinic  receptors  have  a  simpler  genomic 
organization:  the  first  four  exons  have  the  same  locations  as  in  the  muscle  genes,  but 
the  fifth  exon  covers  four  or  seven  exons  of  the  latter. 

Few  features  of  the  pattern  are  common  to  GABAa  and  nicotinic  receptor  genes 
The  boundaries  are  certainly  not  in  conserx’ed  locations  between  the  two  series  In 
contrast,  the  preservation  of  the  organization  of  the  GABAa  receptor  genes  through 
all  subunit  types,  isoforms,  and  evolution  stands  out  as  a  feature.  Their  intronic 
sequences  (where  examined)  vary,  of  course,  greatly  between  species,  whereas  the 
exons  and  their  boundaries  are  maintained  almost  constant  for  all  Isoforms.  The  combi¬ 
nation  of  a  high  multiplicity  of  the  GABAa  receptor  genes  and  an  invariancy  of  each 
of  them  may  be  required,  therefore,  as  discussed  above,  for  the  subunits  of  sucb  a 
receptor  series  employed  in  the  construction  of  most  neuronal  pathways. 


SUBUNIT  FUNCTIONAL  DIFFERENCES 

The  effect  of  both  the  y  and  the  a  subunit  types  on  the  benzodiazepine  pharmacol¬ 
ogy  of  the  receptor  is  profound  and  is  discussed  by  others  in  this  volume.  For  the 
interaction  with  the  transmitter,  GABA,  it  appears  that  each  subunit  has  some  form 
of  an  agonist  site,  since  homo-oligome.ic  receptors  can  form  from  cither  a  or  3  or 
y  subunits  expressed  singly  (albeit  very  poorly  and  not  with  all  the  native  receptor 
properties)  and  these  respond  weakly  to  GABA  to  open  the  channel."  However, 
in  the  well-expressed  a0y  combinations  the  GABA  affinity  can  be  much  stronger, 
and  there  the  a  subunit  isoform  present  can  greatly  affect  the  ECm  for  GABA.’* 

In  recent  studies  the  modulatory  site  for  neurostcroids  has,  also,  been  compared 
between  subunit  compositions.  Neurosteroids  of  the  pregnanolone  series,  which  po¬ 
tentiate  GABA  action,  show  considerable  differences  in  their  dose-response  curves  .xs 
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signal  M'  M2  h3  M4 


Human  Alpha  and  Beta 

DMEY  WRIT  SYAY  TCEY  LGVT 


Human  and  chick  Gamma  2 


l.ymnaea  Beta 


DM  DY  MRIT  SYCY  TODY  LGtT 


FIGURE  2.  Schematic  representation  of  the  genomic  organization  for  the  subunits  of  GABAs 
receptors  At  the  top.  the  encoded  polypeptide  is  shown,  with  features  common  to  all  of  the  subunits 
the  positions  of  the  signal  peptide,  the  cysteine-loop  region  (C-C),  and  the  four  memliranc-spanning 
domains  (Ml  to  M4)  are  shown.  For  the  genes,  designated  below  this,  the  arrows  indicate  the 
positions  of  the  introns  relative  to  the  coding  regions  above  For  references,  sec  the  text  For  the 
yl  subunit,  only  three  of  the  introns  have  yet  been  located;  two  arc  at  equivalent  positions  to 
boundaries  in  the  a  and  P  genes,  while  the  extra  exon  shown  (of  only  24  nucleotides)  ha.s  thus  far 
only  been  detected  in  the  y2  subunit,  given  rise  to  an  alternative  splicing  of  the  primarv  gene  transcript 
In  the  chicken  P4  subunit  pattern  shown  below  this,  the  box  shows  the  additional  sequence  that 
can  be  inserted  due  to  an  alternative  choice  of  the  splice  site.  For  Lymnata.  only  six  of  the  introns 
present  have  as  yet  been  mapped  Not  shown  is  the  mouse  6  gene  pattern,  which  is  identical  to  that 
for  the  a  and  P  patterns  here  Likewise,  the  two  introns  located  so  far  in  the  bovine  a?  gene  (2) 
coincide  with  the  fourth  and  the  eighth  introns  of  the  human  a  and  P  genes  It  can  be  seen  that 
the  positions  of  the  introns  arc  identical  through  all  subunits  and  species  examined  I'he  one-letter 
amino  acid  code  symbols  show  the  codons  that  are  split  or  (where  a  space  is  shown)  div  ided,  b\  the 
intron.  Again,  it  is  clear  that  even  at  the  level  of  the  insertion  in  or  around  a  particular  codon,  there 
is  a  remarkable  conservation  of  the  pattern  through  the  phyla 
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the  a  subunit  is  varied.*'  Pregnenolone  sulfate,  which  acts  in  'he  inverse  manner, 
inhibiting  GABA  action,  again  shows  differences  in  its  potency  in  some  cases  of  aPy 
combinations  when  the  a  subunit  isoform  is  varied.**  Although  a  neurosteroid  is 
expected  to  interact  to  some  extent  with  hydrophobic  receptor  structures  within  the 
membrane,  there  is  nevertheless  obviously  also  some  interaction  with  a  site  on  the 
a  subunit  whose  sequence  varies  significantly  between  the  a  isoforms. 

In  summary,  functional  differences  between  subunit  combinations  exLst  in  the 
agonist  site,  the  benzodiazepine  site,  and  the  neurosteroid  site.  It  is  proposed  that, 
with  sufficiently  structure-sensitive  pharmacological  probing,  functional  differences  will 
occur  between  all  of  the  combinations  that  exist  in  vivo,  and  this  (with  presumed 
natural  modulators)  will  contribute  to  the  need  for  the  great  heterogeneity  of  subtypes 
of  the  GABAa  receptor  that  is  now  observed. 
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Glutamate  is  the  major  excitatory  neurotransmitter  in  the  central  nervous  system 
(CNS).  In  general,  glutamate  directly  gates  two  different  types  of  nonselective  cationic 
channels,  designated  as  AMPA  (S-a-amino-5-hydroxy-5-methyl-4-isoxazolepropionic 
acid)/KA  (kainate)  and  NMDA  (N-methyl-o-aspartic  acid)  gjutamate  receptors  (GluRs) 
Both  types  of  channels  are  involved  in  mediating  excitatory  synaptic  transmission. 
The  present  paper  reviews  the  functional  properties  of  native  GluR  channels  character¬ 
ized  using  the  patch-clamp  technique,  predominantly  applied  to  cells  in  brain  slices  ' 
This  method  has  the  advantage  that  it  is  possible  to  record,  with  high  resolution,  from 
visually  identified  central  neurons  within  an  intact  synaptic  environment .  T wo  different 
aspects  of  the  functional  properties  of  GluR  channels  will  be  addressed  here.  On  the 
one  hand,  we^ '  wanted  to  mimic  synaptic  events  by  fast  application  of  glutamate  to 
outside-out  patches  excised  from  neurons  in  slices.  Thereby,  it  might  be  possible  to 
find  out  how  GluR  channels  are  gated  during  a  synaptic  event  and  which  factors 
determine  time  course  and  amplitude  of  excitatory  postsynaptic  currents  (EPSCs).  On 
the  other  hand,  we‘’ ''  wanted  to  compare  the  properties  of  the  native  GluR  channels 
with  the  characteristics  of  cloned  and  functionally  expressed  receptors.''*  The  aim 
was  to  propose  a  likely  molecular  subunit  composition  of  the  native  GluR  channels 
in  different  neuronal  (and  non-neuronal)  cell  types.  Most  of  the  experiments  were 
done  on  the  cells  of  the  hippocampal  tri.synaptic  circuit:  dentate  gyrus  granule  cells, 
CA  3 ,  and  CA 1  pyramidal  cells.  The  hippocampal  formation  is  of  great  interest  for  many 
neurophysiologists  because  long-term  changes  at  the  level  of  hippocampal  glutamatergtc 
synapses  have  been  demonstrated,  which  presumably  are  related  to  the  formation  of 
short-term  memory. 

It  has  been  reported  that  in  hippocampal  as  well  as  other  types  of  neurons,  EPSCs 
consist  of  an  AMPA/KA  and  a  NMDA  receptor-mediated  component.''  The  two 
components  showed  substantial  differences  in  their  kinetic  properties.  The  rise  time 
of  the  AMPA/KA  component  was  very  fast,  about  500  psec  under  the  mo.st  favtirable 
voltage-clamp  conditions  obtained  so  far.'"  The  decay  time  con.stant  was  also  compara¬ 
tively  fast,  3. 2-9. 5  msec  for  dentate  gyrus  granule  cells,"  3. 0-6. 6  msec  for  mossv 
fiber  synapses  on  CA3  pyramidal  cells,"'  and  4-8  m.sec  for  CAl  pyramidal  cells /' 
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However,  the  exact  value  of  the  EPSC  decay  time  constant  is  influenced  by  the  quality 
of  the  voltage  clamp,  and  hence  the  real  conductance  changes  at  the  postsynaptic 
membrane  are  probably  faster  than  the  currents  recorded  with  somatic  patch  pipettes 
In  contrast,  the  kinetics  of  the  NMDA  component  of  the  EPSC  were  more  than 
one  order  of  ma  nitude  slower.  The  rise  time  was  about  10  msec;  the  decay  was 
slow,  with  time  constants  between  50  and  250  msec,"  "  Evidence  has  been  obtained 
that  both  types  of  channels  may  be  co-localized  at  the  same  postsynaptic  density."  " 
If  this  is  the  case,  the  question  arises;  How  is  it  possible  that  the  same  synapticallv 
released  glutamate  pulse  actiyates  two  current  components  with  so  strikingly  different 
kinetic  properties? 


FAST  APPLICATION  OF  GLUTAMATE  TO  MEMBRANE 
PATCHES:  MIMICKING  EPSCs 

A  common  feature  of  all  ligand-gared  ion  channels  is  that  they  show  desensitization, 
i.e.  current  decrease  in  the  maintained  presence  of  the  agonist.  To  study  their  kinetic- 
features  quantitatiyely,  it  is  therefore  essentia]  to  apply  the  agonist  yery  rapidly.  At 
present,  this  is  only  possible  with  outside-out  membrane  patches,  usually  obtained 
from  the  soma  of  different  cell  types.  Fast  application  techniques  originally  dev  eloped 
by  Franke  et  aV'  were  modified  as  described  by  Jonas  and  Sakmann’  and  Colquhoun 
et  aV  Briefly,  a  patch  pipette  with  an  outside-out  membrane  patch  was  po.sitioned 
near  the  tip  of  a  double-barrelled  application  pipette  pulled  from  theta  glass  tubing 
The  application  pipette  was  then  moved  rapidly  with  a  piezo-electric  element,  and 
the  patch  thereby  crossed  the  interface  between  the  solutions  flowing  out  of  the  two 
barrels  (Fig.  I).  Solution  changes  occurred  within  100  psec  on  an  open  patch  pipette 
and  within  200  psec  on  an  intact  membrane  patch.'  Pulses  of  glutamate  as  brief  as 
1  msec  could  be  applied  reliably,  making  it  possible  to  mimic  synaptic  release  from 
a  presynaptic  terminal.  The  comparison  of  currents  activated  by  fast  application  of 
glutamate  with  synaptic  currents  requires  the  assumption  that  postsynaptic  GluR  chan¬ 
nels  and  channels  in  somatic  membrane  patches  have  identical  functional  properties 


COACTIVATION  OF  AMPA/KA  AND  NMDA  RECEPTORS  BY 
FAST  APPLICATION  OF  GLUTAMATE  IN  THE  SAME 
MEMBRANE  PATCH 

Outside-out  patches  isolated  from  the  soma  of  hippocampal  neurons  in  slices 
contained  a  high  density  of  AMPA/KA  as  well  as  NMDA  receptor  channels  Appro¬ 
priate  experimental  conditions  can  be  chosen  to  activate  either  one  of  the  two  compo¬ 
nents  .separately  or  both  simultaneously. 

The  AMPA/KA  GluR  channels  can  be  investigated  in  isvilation  at  negative  mem¬ 
brane  potentials  in  glycine-free  extracellular  solutions  with  1  mM  Mg.  Glycine  strongly 
potentiates  NMDA  respon.ses  or  is  even  an  essential  cofactor"’;  the  absence  of  glycine 
therefore  minimizes  NMDA  receptor  activation.  Mg  ions  arc  known  to  block  NMD.A 
type  GluR  channels  at  negative  membrane  potentials. 

I  hc  NMDA  receptor  channels  can  be  investigated  in  the  presence  of  glycine  (10 
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FIGURE  1.  F  ist  .ipplicatlon  of  agonists  to  cxsisai  outsuK--out  p.itchi-s  iscilatcii  Innii  ihs-  soma  of 
hip(KKantp;\l  neurons  in  brain  slices  I’he  tvs-o  barrels  of  the  applieation  pipette  \sere  peili/seil  uiih 
phvsiologieal  cxtraecllular  solution  ami  ssitli  1091  pltysiologieal  extracellular  solution  respeetiseU 
rhe  sharp  interface  lietween  the  two  solutions,  due  to  their  different  refractors  indices,  is  \learl\ 
sisiblc.  Fhc  diameter  of  the  applieation  pipette  tip  was  approximately  2(>ii  pm  (f  rom  (  oKpihotin 
et  at.'  With  permission.) 


HM)  and  in  Mg-trcc  extracellular  .solutions  lo  study  these  channels  in  isolation.  Ul 
HM  6-cvano-7-nitroquinoxaline-2.?-dione((.NQX),  a  select i\e  ,\,\\P.\ /K.\  t\  pc  (iluR 
channel  antagonist,  was  added  to  the  external  solution 

AMPA/KA  and  NMDA  receptor  channels  are  activated  siimiltaneouslx  in  the 
same  membrane  patch  in  glycine-containing,  Mg-lree  extracellular  solution  (I'lt,  2) 
Ihcre  are  striking  difTerences  in  kinetics  lietxveen  the  .AMPA/K.\  aiul  the  N.\U).\ 
component  activated  hy  a  lirief  (10  msec)  pulse  of  a  high  concentration  (1  m.\I)  of 
glutamate.  I  he  AMPA/KA  ctimponent  showed  a  rapid  rise  (less  than  '0(1  psec)  and 
also  a  rapid  decay,  partly  due  to  desensiti/.ation  during  the  ptilse,  panK  due  to  channel 
closure  alter  the  end  of  the  pulse  (see  below).  I  he  NMDA  component,  in  contrast, 
rose  and  decayed  much  more  slowly  I  he  rise  time  was  1(1  msec,  and  the  deeax  time 
constant  wa.s  more  than  1 00  msec,  Pk.ori-  2  shows  that  a  brief  glutamate  pulse  lan 
cjualitativcly  mimic  the  fa.st  AMPA/KA  as  well  as  the  slow  NMDA  component  of 
an  EPSCl,  suggesting  that  difFerent  gating  propenies  ol  the  two  ,\  pes  of  channels  are 
responsible  for  the  difFerent  time  courses  V  ariation  ol  the  length  of  the  glutam.iie 
pulse  within  the  range  I  to  1 00  msec  strongly  influenced  the  ilecax  kinetics  of  ihi 
AMPA/KA  component  (see  below),  but  did  not  noticeably  change  the  decay  time 
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FIGURE  2.  AMPA/KA  and  NMDA  components  ol  current  activated  liy  glutamate  pulses  CAl 
pyramidal  cell  patch,  memhranc  potential  was  -  .CO  mV  lO  msec  pulse  of  1  m.M  glutamate,  live 
single  traces  were  averaged.  Physiological  extracellular  solution  contained  10  p.M  glccine  and  was 
nominally  Mg  free.  Filter  frequency  I  kH/.  Note  that  the  NhMDA  comixinent.  represented  hv  the 
slow  tail  following  the  termination  of  the  puke,  showed  much  slois  er  kinetics  as  compared  to  the 
AMPA/KA  component 


course  of  the  NMDA  component  (data  not  shown).  This  suggests  that  the  AMPA/K,\ 
GluR  channel  (rather  than  the  NMDA  GluR  channel)  would  be  suitable  to  "monitor" 
the  rapid  time  course  of  transmitter  concentration  in  the  synaptic  cleft  during  an 
EPSC.  Therefore,  the  dependence  of  decay  kinetics  of  AMPA/Ky\  receptor-mediated 
currents  on  the  length  and  the  concentration  of  the  glutamate  pulse  was  studied, 

TIME  COURSE  OF  CURRENTS  MEDIATED  BY  AMPA/KA  TYPE 
CHANNELS  ACTIVATED  BY  GLUTAMATE  PULSES  OF 
DIFFERENT  LENGTHS 

The  decay  time  course  ot  the  AMPA/KA  receptor-mediated  component  vxas 
strongly  dependent  on  the  length  of  the  gjutamate  pulse  (Fit;,  .)).  For  1  msec  pulses 
of  I  mM  glutamate,  the  decay  time  constant  (designated  as  "offset  t”)  was  between 
2.3  msec  and  3  .0  msec  for  the  three  principal  neurons  of  the  hippocampal  circuit 
For  100  msec  pulses  of  I  mM  glutamate,  the  de-cav  time  constant  (designated  as 
"desensitization  t")  was  between  9  3  and  1 1.3  msec.  Thus,  offset  kinetics  were  b\  a 
factor  of  about  four  faster  than  desensitization.  For  a  pulse  of  intermediate  length  ( 1 0 
msec),  the  current  initially  decayed  slowly  as  for  the  long  pulse:  when  the  agonist 
was  removed,  it  became  fa.stcr.  and  the  decay  time  constant  was  then  similar  to  the 
offset  T  (Fig.  3). 
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FIGURE  3.  Comparison  of  offset  time  constant  and  desensitization  time  constant  of  the  AMPA/ 
KA  component.  CA3  pyramidal  cell  patch,  membrane  potential  was  -  50  mV'  Responses  to  1  msec, 
10  msec,  and  100  msec  pulses  of  1  mM  glutamate  are  superimposed;  single  traces  Extracellular 
solution  was  glycine  free  and  contained  1  mM  Mg  Filter  frequency  5  kHz  Note  that  the  decav  at 
the  end  of  the  10  msec  pulse  is  faster  than  the  initial  decay.  (From  Colquhoun  et  al '  With  permission  I 


The  offset  T  was  not  measurably  dependent  on  the  concentration  of  glutamate 
during  the  pulse.'  The  desensitization  T  decreased  with  increasing  glutamate  concentra¬ 
tion  in  the  range  from  100  pM  to  3  mM/  although  the  concentration  dependence 
was  rather  weak.  Therefore,  offset  kinetics  were  faster  than  desensitization  over  a 
wide  range  of  glutamate  concentrations.  Comparison  of  offset  and  desensitization  x 
with  the  decay  of  synaptic  currents  in  hippocampal  neurons  shows  that  the  fa.stest 
measured  EPSC  decay  time  constants  are  very  close  to  the  values  of  the  offset  T.  Even 
the  slowest  EPSCs  decay  more  rapidly  than  the  desensitization  i.  This  implies  that 
the  glutamate  pulse  in  the  synaptic  cleft  during  excitatory  synaptic  transmission  must 
be  relatively  brief,  about  1  msec  or  only  slightly  longer  than  this.  Such  a  result  would 
be  expected  if  there  is  free  diffusion  of  transmitter  in  the  synaptic  cleft.' 


DESENSITIZATION  OF  AMPA/KA  TYPE  Gi.uR  CHANNELS; 
BRIEF-PULSE  DESENSITIZATION  AND  EQUILIBRIUM 
DESENSITIZATION 


The  results  described  in  the  previous  section  suggested  that  offset  kinetics  rather 
than  desensitization  may  determine  the  decay  time  course  of  an  EPSC.  However, 
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this  does  not  mean  that  desensitization  of  GluR  channels  does  not  play  a  role  in 
excitatory  synaptic  transmission,  because  a  fraction  of  channels  could  enter  the  desensi¬ 
tized  state(s)  during  or  after  a  brief  pulse  of  glutamate  applied  to  the  receptors.  To 
quantify  the  amount  of  this  “brief-pulse  desensitization,”  double-pulse  experiments 
were  performed,  one  1-msec  glutamate  pulse  being  followed  by  a  second  one  after 
variable  intervals.  The  second  pulse  thus  tested  the  amount  of  desensitization  caused 
by  the  first  one.  For  intervals  longer  than  20  msec,  the  response  to  the  second  pulse  was 
smaller  as  compared  to  the  first.  Back-extrapolation  (towards  brief  recovery  intervals) 
revealed  that  about  50%  of  GluR  channels  of  the  AMPA/KA  type  were  desensitized 
after  a  1  msec  pulse  of  1  mM  ^utamate.  The  recovery  from  brief-pulse  desensitization 
occurred  with  a  time  constant  of  about  50  msec  in  CA3  and  CAl  pyramidal  cell 
patches  and  with  two  time  constants  of  33  and  450  msec  in  dentate  gyrus  granule 
cell  patches.*  Slow  recovery  from  desensitization  might  thus  play  a  role  in  synaptic 
transmission  when  the  presynaptic  neurons  fire  at  high  frequencies.  Under  these  condi¬ 
tions,  desensitization  of  postsynaptic  GluRs  may  contribute  to  synaptic  depression."* 
It  has  been  reported  that  the  concentration  of  ambient  glutamate  in  the  cerebrospi¬ 
nal  fluid  is  between  1  and  3  Moreover,  thermodynamic  considerations  suggest 

that  the  equilibrium  concentration  of  extracellular  glutamate  generated  by  glutamate 
uptake  mechanisms  is  in  the  same  range. Since  desensitization  occurs  in  the  maintained 
presence  of  glutamate,  it  is  possible  that  in  vivo  a  significant  fraction  of  GluR  channels 
might  be  desensitized  by  ambient  glutamate.  To  address  this  question  experimentally, 
prepulse  experiments  were  performed.  One  msec  pulses  of  1  mM  glutamate  were 
preceded  by  30  sec  prepulses  of  micromolar  concentrations  of  glutamate,  and  it  was 
tested  if  the  response  with  the  prepulse  was  reduced  as  compared  to  the  response 
without  prepulse.  Surprisingly  low  concentrations  of  glutamate  caused  desensitization 
of  AMPA/KA  type  GluR  channels  at  equilibrium;  the  half-maximal  inhibitory  concen¬ 
trations  were  between  2.4  and  9.6  pM  for  the  three  principal  types  of  neurons  of 
the  hippocampal  circuit.’  Therefore,  under  physiological  conditions,  a  considerable 
fraction  of  AMPA/KA  type  GluR  channels  may  be  desensitized.  Moreover,  during 
ischemia  the  ambient  glutamate  concentration  in  the  CNS  rises  to  values  as  high  as 
10  pM,'’  and  a  major  fraction  of  AMPA/KA  type  GluR  channels  would  become 
desensitized.  This  suggests  a  (probably  protective)  role  of  desensitization  under  patho¬ 
physiological  conditions. 


MOLECULAR  IDENTIFICATION  OF  NATIVE  GluR  CHANNELS 

The  functional  properties  of  native  GluR  channels  described  above  show  many 
similarities  to  recombinant  receptors  of  the  AMPA/KA  family  (assembled  from  GluR-1 
to  -4  or,  equivalently,  GluR-A  to  -D  subunits)  and  the  NMDA  family  (assembled 
from  NRl  -t-  NR2A  to  NR2D  subunits),  respectively. To  obtain  further  insight 
into  the  molecular  composition  of  native  receptors,  it  was  necessary  to  correlate 
electrophysiological  properties  of  native  channels,  functional  properties  of  recombinant 
channels,  and  subunit  expression  patterns.  This  task  was,  however,  complicated  by 
the  fact  that  many  subunits  are  coexpressed  in  different  cell  types  and  that  they  may 
form  mosaics  of  heteromeric  channels.  Moreover,  subunits  of  one  family  often  cannot 
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be  distinguished  electrophysiologically  because  they  have  similar  functional  properties 
It  is  therefore  only  possible  to  identify  dominant  subunits. 

Among  all  recombinant  GluR  channels  characterized  so  far,  the  mo.st  striking 
subunit-specific  differences  have  been  found  for  the  AMPA/KA-GluR-B  subunit  as 
compared  to  other  subunits  of  the  AMPA/KA  family.  One  parameter  of  channels 
assembled  in  expression  systems  that  has  been  studied  extensively  was  the  shape  of 
the  macroscopic  steady-state  current-voltage  relationship  (1-V').  Homomeric  channels 
assembled  from  AMPA/KA-GluR-B  channels  are  characterized  by  outward  rectifica¬ 
tion,  whereas  channels  assembled  from  AMPA/KA -GluR-A,  -C,  or  -D  subunits  have 
doubly-rectifying  I-V  relations.'  Another  well-characterized  parameter  of  the  ionic 
channels  formed  by  these  subunits  is  the  Ca  permeability.  Homomeric  channels  assem¬ 
bled  from  AMPA/KA-GluR-B  subunits  have  low  Ca  permeability  (Pc/Pc,  <  0  1). 
whereas  channels  assembled  from  AMPA/KA-GluR-A,  -C,  or  -D  subunits  show  high 
Ca  permeability  (Pca/Prs  >  1).*  In  heteromeric  combinations,  the  GluR-B  subunit 
dominates  these  functional  propenies."  ’’  •' 


HIPPOCAMPAL  NEURONS:  “AMPA/KA-GixR-B  CELL  TYPES" 

In  situ  hybridization  demonstrated  that  hippocampal  neurons  strongly  express 
GluR  subunits  of  the  AMPA/KA  family,*  and  that  all  of  them  express  the  GluR-B 
subunit.  We  therefore  determined  rectification  properties  and  Ca  permeability  of 
AMPA/KA  GluR  channels  in  the  three  principal  hippocampal  neurons  of  rat  brain 
slices.  Figurf.  4  shows,  as  an  example,  results  from  CA3  pyramidal  cell  patches.  With 
physiological  extracellular  solution  on  the  outer  side  of  the  membrane,  the  steady-state 
current  activated  by  KA  showed  outward  rectification  and  reversed  at  potentials  close 
to  0  mV,  as  expected  for  a  nonselective  cationic  conductance.  With  a  high-Ca  solution 
on  the  outer  side  of  the  membrane,  the  reversal  potential  shifted  to  negative  values, 
indicating  that  the  Ca  permeability  is  small  (Pc  j/Pf,  <  0.1).’  *  Similar  results  were 
obtained  for  dentate  gyrus  granule  cell  and  CAl  pyramidal  cell  patches  This  suggests 
that  the  GluR-B  subunit  — as  predicted  from  the  propenies  of  recombinant  channels 
and  the  expression  pattern  —  dominates  the  functional  propenies  of  the  native  channels 
in  these  cells.  It  also  seems  likely  that  there  is  only  limited  Ca  influx  through  postsynaptic 
AMPA/KA  receptors  during  excitatory  synaptic  transmLssion  if  somatic  and  postsvnap- 
tic  receptors  have  the  same  subunit  composition.  In  contrast,  doubly-rcctifving  1-V 
relations  and  high  Ca  permeability  have  been  found  in  a  subset  of  cultured  hippocampal 
neurons,”  “  but  the  origin  and  the  expression  pattern  of  these  cells  is  not  known  vet 


BERGMANN  GLIAL  CELLS:  “AMPA/KA-NON-GiuR-B  CELL  TYPE” 

Uniquely  in  the  whole  CNS,  Bergmann  glial  cells  in  the  cerebellum  lack  the 
expression  of  the  AMPA/KA-GluR-B  subunit.  Fhe  first  evidence  that  Bergmann  glial 
cells  do  not  express  the  GluR-B  subunit,  but  only  the  GluR-A  and  GluR-D  subunit, 
came  from  in  situ  hybridization  studies.'* "  Recently,  studies  with  subunit-specific  anti¬ 
bodies  confirmed  these  findings.^’  In  situ  hybridization  and  antibody  staining  made 
clear  predictions  for  the  clectrophysiolopcal  properties  This  allowed  us  to  test  the 
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FIGURE  4.  Outward  rectification  and  low  Ca  permeabilit)'  ot  .XMPA/KA  t\'pe  GluR  channels  in 
hippocampal  neurons.  Ramp  (2  sec)  from  -  120  to  +  120  m\'.  Physiological  c.vtracellular  solution 
and  100  mM  CaCl.,  respectively.  Data  from  two  different  CA.)  cell  patches,  current  wa.s  normalired 
to  the  value  at  +120  mV.  The  reversal  potential  in  physiological  extracellular  solution  was  close  to 
0  mV,  the  reversal  potential  in  100  mM  CaCI-  was  -62  mV,  Filter  frequency  I  5  kllr  (Modified 
from  Jonas  &  Sakmann  ') 


hypothesis  that  the  native  channels  are  assembled  from  subunits  of  the  AMPA/KA 
family  in  a  more  rigorous  way  than  previously  possible.  VVe  therefore  studied  GluR 
channels  in  cultured  fusiform  cerebellar  gjial  cells  presumably  deris'cd  from  Bergmann 
glia.''  ”  It  was  demonstrated  that  these  cultured  cells  lacked  the  expression  of  the 
AMPA/KA-GluR-B  subunit,  as  did  the  native  cells. 

The  electrophysiological  properties  of  the  GluR  channels  in  these  cerebellar  glial 
cells  were  characterized  hy  a  douhly-rectifying  I-V  relation  and  a  high  Ca  permeabilits' 
(Pcd/Pcs  =  1.44),''  The  properties  of  the  KA-activated  current  were  almost  indLstin- 
guishable  from  that  of  a  GluR-A/D  heteromeric  recombinant  channel.  Influx  of  Ca 
ions  into  Bergmann  glial  cells  after  application  of  KA  has  also  been  demonstrated 
using  imaging  techniques.^'’  The  functional  role  of  these  Ca-permeable  AMPA/KA 
receptors  is,  however,  still  unclear.  It  is  conceivable  that  glutamate  released  from 
excitatory  synapses  made  by  the  parallel-fiber  nerve  endings  on  Purkinje  cells  could 
spill  over  from  the  synaptic  cleft  and  activate  GluR  channels  on  Bergmann  glial  cells, 
which  sheathe  these  synapses.  Thereby,  second  me,s,sengcr  cascades  in  glial  cells  could 
be  triggered. 

The  results  presented  in  this  paper  stron^y  suggested  that  native  AMPA/KA  type 
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GluR  channels  were  assembled  from  subunits  of  the  GluR-A  to  -D  family  and  that 
the  presence  or  absence  of  the  GluR-B  subunit  determined  their  likely  most  important 
functional  properties:  rectification  and  Ca  permeability. 

CONCLUSIONS 

Fast  application  techniques  allow  one  to  mimic  release  of  glutamate  from  presynap- 
tic  terminals.  Brief  pulses  of  a  high  concentration  of  glutamate  applied  to  excused 
membrane  patches  can  simulate  fast  AMPA/K,A  as  well  as  slow  NMDA  receptor- 
mediated  components  of  EPSCs.  It  is  likely  that  closure  of  AMPA/KA  type  channels 
after  removal  of  glutamate  rather  than  desensitization  determines  the  decay  time  course 
of  an  EPSC.  Brief-pulse  desensitization  and  equilibrium  desensitization  may.  however, 
play  a  role  in  setting  the  amplitude  of  synaptic  currents.  The  presence  of  the  AMP.A/ 
KA-GluR-B  subunit  seems  to  be  a  critical  factor  for  the  functional  properties  of  native 
AMPA/KA  type  GluR  channels.  Hippocampal  neurons  express  the  GluR-B  subunit; 
AMPA/KA  type  GluRs  in  these  cells  show  outwardly  rectifying  steady-state  1-V 
relations  and  low  Ca  permeability.  Bergmann  glial  cells  do  not  express  the  GluR-B 
subunit-  AMPA/KA  type  GluRs  in  these  cells  show  doubly-rectifying  l-\'  relations 
and  high  Ca  permeability.  The  differential  expression  of  the  AMPA/KA-GluR-B 
subunit  may  thus  determine  the  Ca  permeability  of  AMPA/KA  receptors  in  variou.s 
types  of  cells  in  the  CNS. 
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INTRODUCTION 

The  glutamate  receptor  (GluR)  channel  plays  a  key  role  in  brain  function  by 
mediating  most  of  the  fast  excitatory  synaptic  transmission  in  the  central  nersous 
sy.stem.  ’  The  heterogeneity  of  the  GluR  channel  was  suggested  by  electrophysioiogicaJ 
and  pharmacological  studies,  which  led  to  the  classification  of  the  GluR  channel  into 
the  a-amino-3-hydroxy-5-methyl-4-isoxazolc  propionic  acid  (AMPA),  kainate,  and 
N-methyl-D-aspartate  (NMDA)  receptors.'  ’  The  NMDA  receptor  channel  is  highly 
permeable  to  Ca’*  but  is  blocked  by  Mg^'  in  a  voltage-dependent  manner  These 
characteristics  are  essential  for  the  NMDA  receptor  channel  to  mediate  the  induction 
of  long-term  potentiation  of  synaptic  efficacy,  which  is  thought  to  underlie  memorv 
acquisition  and  learning.’  Furthermore,  cumulative  evidence  suggests  the  involvement 
of  the  NMDA  receptor  channel  in  experience-dependent  synaptic  plasticity  in  the 
developing  brain."'  In  addition,  abnormal  activation  of  the  NMDA  receptor  channel 
may  trigger  neuronal  cell  death  ob.sers'ed  in  various  acute  and  chronic  brain  disorders  '  “ 
Recently,  the  molecular  entity  of  the  NMDA  receptor  channel  has  been  revealed 
by  cloning  and  expression  of  the  .subunit  cDNAs.  The  NMDA  receptor  channel 
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subunits  show  significant  amino  acid  sequence  homology  with  the  subunits  of  the 
AMPA-  or  kainate-selective  GluR  channel  and  thus  arc  the  members  of  the  GluR 
channel  subunit  family.  Clear  differences  in  pharmacological  and  elect rophysiological 
properties  and  regulation  have  been  found  among  diverse  NMDA  receptor  channel 
subunits.  Furthermore,  distinct  distributions  of  the  NMDA  receptor  channel  subunit 
mRNAs  in  the  brain  have  been  visualized  by  in  situ  hybridization  analyses  using  cloned 
cDNAs  as  probes.  These  studies  have  clearly  shown  the  molecular  and  functional 
diversity  of  the  NMDA  receptor  channel  and  provide  soUd  bases  for  future  investigation 
of  higher  brain  functions  and  neurological  disorders. 


MOLECULAR  DIVERSITY 

In  an  attempt  to  understand  the  molecular  basi.s  of  higher  brain  functions,  we 
have  identified  numbers  of  mouse  GluR  channel  subunits  by  successive  screening  of 
mouse  brain  cDNA  libraries  under  low  stringency  conditions  with  al  and  a2  subunit 
cDNAs'  and  newly  identified  subunit  cDNAs  as  probes."" '■*  The  entire  primary  struc¬ 
tures  of  these  subunits  were  deduced  by  nucleotide  sequence  analysis  of  the  cloned 
cDNAs  (Fig.  1).  We  have  classified  these  subunits  into  six  subfamilies  according  to 
the  amino  acid  sequence  identity  (Table  1);  the  rat  counterparts  of  the  a,  p,  y,  e. 
and  ^  subunits  are  differently  named  by  the  groups  of  Heinemann,''"’’  Seeburg,""  ’' 
and  Nakanishi.^'*  Amino  acid  sequence  identity  is  as  high  as  ~  40%  to  —  70%  within 
a  subfamily,  but  is  as  lev  as  --  10%  to  —40%  between  subfamilies.  The  presence 
of  variants  produced  most  likely  by  alternative  splicing  is  noted  for  some  subunits 

GluR  channel  subunits  possess  four  hydrophobic  putative  transmembrane  segments 
(M1-M4)  and  a  putative  signal  peptide  at  the  amino  terminus.  These  structural  charac¬ 
teristics  are  common  for  neurotransmitter-gated  ion  channels,  the  nicotinic  acetylcho¬ 
line  receptor  channel,  the  GABA  receptor  channel,  and  the  glycine  receptor  channel 
Segment  M2  is  assumed  to  constitute  the  inner  wall  of  the  ion  channel,  analogous 
to  the  acetylcholine  receptor  channel.  Highly  con.served  regions  among  GluR  channel 
subunits  are  putative  transmembrane  segments,  the  region  preceding  segment  Ml  and 
the  regions  between  segments  M  3  and  M4.  The  region  preceding  segment  M 1  contains 
potential  N-^ycosylation  sites  and  putative  agonist  binding  sites.  Point  mutations 
introduced  into  these  regions  have  been  found  to  affect  dose-response  relationships 
for  agonists  ofthe  AMPA -selective  GluR  channel.^''  The  putative  cyToplasmic  domain 
between  segments  M3  and  M4  contains  potential  phosphorylation  sites  for  Ca’"/ 
calmodulin-dependent  protein  kinase  and  protein  kinase  C,  which  have  been  suggested 
to  mediate  the  induction  and  maintainance  of  long-term  potentiation.’" 

Functional  properties  of  the  respective  subunits  were  examined  after  expression 
in  Xenopus  oocytes  by  injection  of  the  subunit-specific  mRNAs  synthesized  in  vitro  using 
cloned  cDNAs  as  templates.  The  al  subunit  alone  forms  functional  GluR  channels,  but 
the  current  responses  are  much  larger  when  the  al  and  a2  subunits  are  expressed 
together.’  The  increases  in  channel  activity  and  Hill  coefficient  values  for  the 
dose-response  curves  for  agonists  indicate  a  positive  cooperative  interaction  between 
the  al  and  a2  subunits.  The  apparent  affinities  for  agonists  of  the  al  /a2  heteromcric 
channel  as  well  as  the  al  homomeric  channel  are  qui.squalatc  >  AMPA  >  i.-glutamate 
>  kainate.  Thus,  the  a  subfamily  represents  the  AMPA-selective  CiluR  channel.  I'he 
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residues  .ire  numbered  beginning  with  the  ammo  termin.ii  residue  of  the  proposed  mature  subunit  {open  ii^ujres)  Numbers  ot  the  ammo  at  id  residues  at  tiie 
end  of  the  indi\idu<d  lines  are  given  Sets  fil  identical  ammo  and  residues  among  five  suliumts  <jr  four  r,  suhimiis  are  eiulosed  The  putative  transmemhrane 
segments  (\\1M4)  arc’  indicated  Nsparagine  residues  involved  in  Mg’ '  Idoek  are  marked  with  an  arrowhead  (f  rom  references  I  1  -  14  ) 
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Table  1 .  Subunit  Families  of  the  Rodent  GluR  Cihannels 


Subunit 

Subfamily 

Mouse 

Rat 

FuiKTKin 

a 

al.  aZ.  af,  a4 

GluR  1,2.  1,4 
(C.luR  A.  B,  C.  D) 

AMPA-selcctik  G 

p 

P1.P2.P? 

GluR  .t.  6,  7 

KcUnatc-sdcGtive 

y 

Yl.  Y2 

1G\-I  KA-2 

Kainate-sclcctn  G 

6 

81 

- 

L  nknou  n 

£ 

el.  e2.  e.t.  e4 

NR2A.  2B.  2C: 

NMDA 

c 

Cl 

.N.MDAR  1 

NMDA 

32  subunit  forms  homomeric  channels  responsive  to  1  -glutamate,  kainate,  and  quisqua- 
late.*''"'  The  yl  subunit,  when  expressed  together  with  the  32  subunit,  forms  CiluR 
channels  selective  for  kainate.'’  '■  Fhc  order  of  potcncs'  is  kainate  >  1  -glutamate  =  quis¬ 
qualate.  Co-expression  of  the  yl  subunit  increases  channel  activitv  several  fold  and 
the  apparent  affinity  for  i.-glutamate  and  quisqualate,  compared  \s  ith  the  32  subunit 
expressed  alone.  Therefore,  the  members  of  the  3  and  y  subfamilies  constitute  the 
kainate-selective  GluR  channel. 

The  1^1  subunit  forms  homomeric  channels  responsive  to  1  -glutamate,  1  -aspartate. 
NMDA,  and  quisqualate  in  the  presence  of  glycine."'  Howeser,  highU'  active  N.\fl),\ 
receptor  channels  arc  obsers'ed  only  when  the  ^1  subunit  is  expressed  together  w  ith 
one  of  four  e  subunits,  suggesting  the  heteromcric  nature  of  the  NMDA  receptor 
channel  (Fig.  2). The  responses  to  10  pM  i.-glutamate  plus  10  pM  glvcine  of 
the  el/i^l,  e2/(^l,  e3/l^l,  and  e4/I^I  heteromcric  channels  were  suppressed  b\  100 
pM  D-2-amino-5-phosphonovalcratc  (APV),  a  specific  competitive  antagonist  of  the 
NMDA  receptor,  and  jo  pM  7-chlorokynurenate  (7(',K).  reported  to  be  a  competitne 
antagonist  for  the  glycine  modulatory  site  of  the  NMDA  receptor  (Fit.,  .s)  The 
responses  of  die  El/^l,  £2/^1.  eJ/l^l,  and  e4/£^1  channels  were  inhibited  also  b\ 
non-competitive  antagonists  of  the  NMDA  receptor  channel,  such  as  100  pM  .Mg-  ’ , 
100  pM  Zn’’,  and  I  pM  ( -i- )-MK-80 1 .  Fhe  effects  of  the  channel  blockers  were 
apparently  weaker  for  the  £3/^1  and  E4/i^l  channels  than  loi  ibc  El  /^1  and  E2/ql 
channels.  The  El/I^l,  e2/(^1,  £3/1^1.  and  e4/I^1  channels  exhibited  clear  inward  cur¬ 
rents  in  Na‘-  and  K  '-free  Ringer’s  solution  containing  20  m.M  Ga* .  whereas  a  margm.i] 
outward  current  was  observed  in  control  Na  '-and  K  -free  Ringer's  solution,  indicating 
that  the  heteromcric  channels  arc  permeable  to  Ga’ ' .  The  finding  of  the  presence  of 
four  E  subunits  indicates  the  diversity  of  the  NMDA  receptor  channel  at  the  molecular 
level. 


FUNCTIONAL  DIVERSITV 

The  question  then  arises  whether  the  molecular  diversitv  of  the  N.MDA  receptor 
channel  results  in  the  functional  diversity.  Pharmacological  properties  of  the  El  'Cl. 
e2/CI,  e3/C1.  and  £4/(^1  channels  were  examined  by  analv/ing  the  dose-response 
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£2/^1 


Glu/Gly 


Glu/Gly  -t-  Glu/Glv  +  Glu/Gly  + 

APV  7CK  '  Mg^- 


Glu/Gly  +  Glu/Gly  * 

Zn--  MK-ilOl 


£3/^1 


Glu/Gly  +  Glu/Gly  +  Glu/Gly  + 
Glu/Gly  APV  7CK  Mfi> 


Glu/Glv  4-  Glu/Gly  4- 

Zn*'  '  .MK-80) 


lOOnA 


FIGURE  5.  F.tfects  of  compctiiivc  and  non-compciltivc  antagonists  on  thf  currt  nt  responses  of  tlie 
S2/C,l  and  £.!/^l  channels  to  10  pM  i-glutamate  plus  10  pM  tHeeine  (Modilied  from  reference 

n ) 

relationships  tor  i -glutamate  and  glycine  in  Ba’ ' -Ringer's  solution  to  minimize  the 
effect  of  secondarily  activated  Ca" ' -dependent  Cl  currents  (Fic.  4).  I'he  FC<,,  \  alues 
for  i-glutamate  were  1.7  |iM,  0.8  fiM,  0.7  |iM,  and  0.4  pM  for  the  el/!^I,  £2/ 
i^l .  e3/i^l ,  and  £4/1^1  channels,  respectively,  whereas  those  for  glvcine  were  2  1  pW. 
0.3  pM.  0.2  pM,  and  0  09  pM,  respectively.  Funhermore.  the  sensitis  ities  of  the 
£l  /(,\ ,  £2/(^1 ,  £3/1^1 ,  and  £4/1^1  channels  to  competitise  antagonists  were  compared 
at  the  agonist  concentrations  10  times  as  high  as  the  EC(,,  values  (Fic.  .3).  The  sensitivits 
to  APV'  is  El/i^l  >  £2/^1  >  e3/i^l  >  E4/i^i  channels,  whereas  the  sensitisitv  to 
7CKis£3/fil  >E2/i^l  >£l/C,I  =  e4/I^I  channels.  These  results  suggest  that  pharma¬ 
cologically  distinct  NMIJ/\  receptor  channels  can  he  formed  depending  on  the  consti¬ 
tuting  £  suhunit.  In  accord  with  these  findings,  the  regional  \  ariation  in  ligand-hinding 
properties  ot  the  NMDA  receptor  has  been  noted  in  the  brain 

Mgr'  at  the  concentrations  of  0.1  mM  and  1  mM  exened  an  inhibitors  effect 
on  the  e/C,  heteromerie  NMDA  receptor  channels  in  a  \ohage-dependent  manner 
(Fig.  6)  A  clear  difference,  however,  was  found  among  the  heteromerie  ehannels 
Fhe  £3/(^1  channel  was  rather  resistant  to  Mg"' '  blocking,  being  active  even  at  -  70 
m\^  and  -  100  mV'  membrane  potentials  in  the  presence  of  1  m.V\  .Mg'’' ,  whereas 
both  the  £  I  /(^  I  and  e2/(^  I  channels  were  strongiv  suppressed  under  these  conditions 

DISTINCT  DISTRIBUTIONS  OF  THE  SUBUNIT  xtRNAs 
IN  THE  BRAIN 

Distributions  of  the  suhunit  mRNAs  in  the  adult  mouse  brain  were  examined  b\ 
m  situ  h'  hriJization  analyses.'’"'"  The  El  subunit  mRNA  is  distributed  wideU  in 
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Glutamate  (/^ 


Glycine  (/^M) 


FIGURE  4.  Uosc-rcsponsc  curves  for  i  -glutamatc  in  the  presence  of  10  pNf  givcine  (top)  and  for 
glycine  in  the  presence  of  10  pM  i -glutamate  (bottom)  of  the  El/i^l.  e2/C1,  and  E4/!:il 

channels  (From  references  13  and  14  ) 
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lOOnMAPV  3mM7CK 


FIGURE  S.  Effects  of  APV  anti  7CK  on  the  responses  to  i.-giutamate  plus  giycinc  of  the  El/i^! 
e2/l^l.  eS/Cl.  and  £4/1^1  channels  The  agonist  concentrations  were  -  tenfold  of  the  EC.,  saJucs 
of  the  respective  heteromeric  channels.  (From  reference’s  1 3  and  1 4  ) 


the  brain,  but  the  level  of  expres,sion  is  higher  in  the  cerebral  cortex  and  the  hippocampal 
formation.  In  contrast,  the  e2  subunit  mRNA  is  expressed  selectively  in  the  forebrain 
High  levels  of  expression  are  observed  in  the  cerebral  cortex,  the  hippocampal  forma¬ 
tion,  the  septum,  the  caudate-putamen,  the  olfactory  bulb,  and  the  thalamus.  The  El 
subunit  mRNA  is  found  predominantly  in  the  cerebellum  .  Strong  expression  is  observed 
in  the  granule  cell  layer  of  the  cerebellum,  while  weak  expression  is  detected  in  the 
olfactory  bulb  and  the  thalamus.  Low  levels  of  the  e4  subunit  mRNA  arc  found  in 
the  midbrain,  the  thalamus,  and  the  olfactory  bulb.  In  contrast  to  the  characteristic 
distributions  of  the  four  E  subunit  mRNAs,  the  1^1  subunit  mRNA  distribution  is 
ubiquitous  in  the  brain. 

Furthermore,  the  expressions  of  the  respective  E  subunit  mRNAs  are  different iallv 
regulated  during  development.'"  In  the  embryonic  brain,  only  the  e2  and  e4  subunit 
mRNAs  are  expressed.  In  contrast  to  the  wide  distribution  of  the  e2  subunit  mRN.A, 
the  e4  subunit  mRNA  is  found  exclusively  in  the  diencephalon  and  the  brainstem. 
During  the  first  two  weeks  after  birth,  the  expression  patterns  of  the  E  subunit  mRN/\s 
change  dra.stically.  Ihe  El  subunit  mRNA  appears  in  the  entire  brain  and  the  E.l 
suhunit  mRNA  in  the  cerebellum.  In  contra.Nt,  the  expression  of  the  e2  subunit  mRN.X 
becomes  restricted  in  the  forebrain  and  that  of  the  e4  subunit  mRNA  is  almost 
diminished  I'he  subunit  mRNA  is  ubiquitously  expressed  in  the  brain  throughout 
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FIGURE?.  Effect  of  TPA  treatment  on  the  i^l  homomerit  (top)  and  el /i^l  andE?/!^!  Iieteromenc 
NMDA  receptor  channels  (bottom).  (From  references  1 1  and  1 1  ) 


developmental  stages.  These  results  suggest  that  the  subunit  composition  ot’the  NMD, A 
receptor  channel  alters  drastically  during  development,  which  would  result  in  changes 
of  the  functional  properties  of  the  NMDA  receptor  channel.  In  accord  with  this  notion, 
it  has  been  reported  that  the  pharmacological  and  electrophysiological  properties  of 
the  NMDA  receptor  channel,  such  as  the  sensitivity  to  Mg*’’  block,  the  apparent 
affinity  for  glycine,  and  the  channel  kinetics,  change  during  brain  development.''  " 
A  precedent  for  such  developmental  regulation  is  the  changes  of  the  functional  proper¬ 
ties  the  mu.scle  acetylcholine  receptor  channel  based  on  the  switch  of  the  subunit 
composition  during  neuromuscular  junction  formation.'^ 
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FIGURE  8.  Substitution  mutations  introduced  into  the  e2  and  i^l  subunits  (top)  and  the  effects 
of  the  mutations  on  the  sensitivities  to  non-competitive  antagonists  (bottom)  Ammo  acid  sequences 
of  the  mutagenized  region  encompassing  putative  transmembrane  segment  M2  are  shown  Bars 
represent  residues  identical  to  those  above  in  the  aligned  position  The  hcteromeric  e2/(,\  and 
e2-N589Q/4l-N598Q  channels  were  expressed  in  Xenopus  oocytes  and  current  responses  to  10  pM 
1,-glutamate  plus  10  pM  glycine  were  measured  in  normal  frog  Ringer's  solution  at  -  70  m\'  membrane 
potential  Effects  of  non<ompetiiive  antagonists  were  examined  in  Ringer's  solution  containing  1 
mM  MgClj,  100  pM  ZnCl.),  or  1  pM  (  +  )-MK-80 1  The  sensitivity  to  MK-801  was  evaluated  after 
two  successive  applications.  (Modified  from  reference  }6.) 
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REGULATION  OF  THE  CHANNEL  ACTIVITY 

The  i^l  homomeric  NMDA  receptor  channel  expressed  in  Xenopus  oocytes  is 
transiendy  potentiated  by  treatment  with  1  jlM  12-0-tetradecanoyl  phorbol  1 3-acetate 
(TP A)  (Fig.  7).  This  enhancing  effect  cannot  be  nonspecific  because  the  TPA  treatment 
exens  no  appreciable  effect  on  the  current  response  of  the  AMPA-selective  al/a2 
GluR  channel.  Furthermore,  the  effect  of  TPA  is  abolished  by  the  simultaneous  treat¬ 
ment  with  5  |lM  staurosporine,  a  protein  kinase  inhibitor. 

The  effects  on  heteromeric  channels  were  examined  by  measuring  responses  to 
10  pM  i.-glutamatc  plus  10  |i.M  glycine  in  Ba’ '  -Ringer’s  solution.  Treatment  of  oocytes 
with  1  (xM  TPA  for  10  min  potentiated  the  responses  of  the  e2/i^l  and  El/i^l 
heteromeric  channels  (Fig.  7),  but  not  the  response  ofthee 3 /J^l  channel.  No  significant 
enhancement  of  the  channel  activity  was  observed  by  mock  treatment  or  TPA  treat¬ 
ment  in  the  presence  of  5  |lM  staurosporine.  Failure  of  potentiation  in  the  presence 
of  staurosporine  suggests  the  involvement  of  protein  kinases  in  the  TPA  effect.  These 
observations  raise  an  intriguing  possibility  that  NMDA  receptor  channels  can  be  posi¬ 
tively  modulated  by  protein  kinases.  The  level  of  NMDA  receptor  channel  activity 
may  hence  be  regulated  by  various  stimuli  leading  to  activation  of  protein  kinases, 
for  example  through  G  protein-coupled  receptors.  Such  modulation  may  play  a  role 
in  determining  the  threshold  of  the  induction  of  long-term  potentiation,  since  Ca’" 
entry  through  the  NMDA  receptor  channel  triggers  the  persistent  change  in  the  efficacy 
of  synaptic  transmission.'  ’ 


IDENTIFICATION  OF  THE  Mg’  BLOCK  SITE 

The  AMPA-selective  al/a2  GluR  channel  is  essentially  impermeable  to  Ca'". 
like  most  of  native  AMPA  receptor  channels,  whereas  the  a  I  homomeric  channel 
is  permeable  to  Ca^*.^''  ”  Thus,  the  a2  subunit  regulates  the  ion  selectivity  of  the 
AMPA-selectivc  GluR  channel.  Inspection  of  the  amino  acid  sequence  of  the  a2 
subunit  reveals  the  unique  presence  of  arginine  586  in  putative  channel-forming  seg¬ 
ment  M2.  To  examine  whether  this  positively  charged  residue  plays  a  role  in  selective 
cation  permeation  through  the  channel,  we  introduced  a  point  mutation  into  the  a 2 
subunit  to  substitute  glutamate  for  arginine  (mutation  a2-R586Q)  The  heteromeric 
channel  composed  of  the  wild-type  al  subunit  and  the  mutant  a2-R586Q  subunit 
is  highly  permeable  to  Ca’*.  These  results  show  that  arginine  586  in  segment  M2  of 
the  0.2  subunit  is  a  critical  determinant  of  theCa'  *  pcrmeabilitv  of  the  AMPA-selective 
GluR  channel. 

Voltage-dependent  Mg^  *  block  is  the  key  to  the  depolarization-dependent  activa¬ 
tion  of  the  NMDA  receptor  channel,  which  is  the  basis  of  an  activity-dependent 
change  of  synaptic  efficacy,  thought  to  underlie  memory,  learning,  and  development 
All  subunits  of  the  NMDA  receptor  channel  possess  asparagine  in  putative  transmem¬ 
brane  segment  M2  at  the  position  corresponding  to  giutamine/arginine  of  the  a 
subunits  that  determine  the  Ca'*  permeability  of  the  AMPA-selectivc  GluR  channel 
(Fig.  1).  To  test  the  idea  that  this  a.sparagine  residue  causes  the  NMDA  receptor 
channel  to  be  sensitive  to  voltage-dependent  Mg*’*  block,  we  introduced  substitution 
mutations  into  the  £2  and  (^1  subunits  of  the  NMDA  receptor  channel  (Fig  8) 
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The  wild-type  e2/t^l  channel  is  almost  completely  suppressed  by  the  physiological 
concentration  of  Mg^*  in  a  voltage-dependent  manner.  Replacement  by  glutamine  of 
the  asparagine  in  either  or  both  of  the  subunits  strongly  reduces  the  sensitivity  to 
Mg^'  block  of  the  t2/^\  heteromeric  NMDA  receptor  channel  (Fig.  8).  Repetitive 
application  of  1  pM  MK-801  suppresses  the  wild-type  z2/(,\  channel.  However,  the 
heteromeric  channel  with  the  mutation  on  both  subunits  becomes  resistant  to  MK-80 1 . 
The  sensitivity  to  Zn‘*  is  partly  reduced  by  the  point  mutations,*'’  These  findings 
suggest  that  the  conserved  asparagine  in  segment  M2  constitutes  a  Mg^'  block  site 
and  that  the  lViK-801  site  overlaps  the  Mgf  ’  site.  There  is  strong  evidence  that  Mg*' 
produces  a  voltage-dependent  block  of  the  channel  by  binding  a  site  deep  within  the 
ionophore,*^  thus  our  results  are  consistent  with  the  view  that  segment  M2  constitutes 
the  transmembrane  ion  channel  of  the  NMDA  receptor  channel.  Because  the  e3/Cl 
ande4/l^l  channels  are  less  sensitive  to  Mg^ '  block  than  thee  1/1^1  andE2/t^l  channels 
and  the  asparagine  is  conserved  among  these  subunits,  there  are  probably  additional 
residues  involved  in  interaction  with  Mg^'.  The  observation  that  the  sensitivity  to 
Zn’*  is  only  slightly  affected  by  the  substitutions  at  the  Mg'*  site  is  consistent  with 
the  proposal  that  Mg*'  and  Zn’*  aaon  different  sites  of  the  NMDA  receptor  channel.** 
Although  the  main  effect  of  Zn’'  on  the  NMDA  receptor  channel  is  voltage-insensitive, 
a  small  portion  of  the  Zn’*  block  is  voltage  dependent. The  slight  decrease  in  the 
sensitivity  to  Zn* '  of  the  mutant  channels  can  be  explained  if  the  voltage-dependent 
block  by  Zn*'  is  caused  by  binding  to  the  Mg*'  site. 


CONCLUSION 

We  have  identified  more  than  a  dozen  subunits  of  the  mouse  GluR  channel  by 
molecular  cloning.  These  subunits  can  be  classified  into  six  subfamilies  according  to 
the  amino  acid  sequence  homology.  Functional  analysis  of  GluR  channel  subunits 
expressed  from  the  cloned  cDNAs  shows  that  this  classification  purely  based  on  the 
structural  similarity  corresponds  very  well  to  the  pharmacological  propenies  (Table 
1).  When  the  amino  acid  sequences  of  the  GluR  channel  subunits  are  compared,  the 
asparagine  constituting  a  Mg* '  block  site  of  the  NMDA  receptor  channel  corresponds 
in  position  to  the  glutamine  and  arginine  that  determine  the  Ca*'  permeability  of  the 
AMPA-selective  GluR  channel.*'’’"  '**  This  suggests  that  the  channel  .structure  motif 
is  similar  between  the  NMDA  and  non-NMDA  receptor  channels. 

We  have  demonstrated  that  NMDA  receptor  channels  with  high  activity  are 
formed  by  co-expression  of  the  distantly  related  £  and  subunits.  The  four  6  subunits 
are  homologous  in  primary  structure,  but  are  clearly  distinct  in  distribution,  functional 
properties,  and  regulation.  In  contrast  to  the  wide  distribution  of  the  El  and  1^1  subunit 
mRNAs  in  the  brain,  the  e2  subunit  mRNA  is  expressed  selectively  in  the  forebrain 
The  e3  subunit  mRNA  is  found  predominantly  in  the  cerebellum,  whereas  the  e4 
subunit  mRNA  is  weakly  expressed  in  the  brainstem  and  the  diencephalon.  It  is 
remurkabie  that  in  the  luicbrain  the  distribution  patterns  of  the  El  and  e2  subunit 
mRNAs  coincide  well  with  those  of  the  antagonist-preferring  and  agonist-preferring 
forms  of  the  NMDA  receptor  channel, *'*  respectively.  Of  the  E/^  heteromeric  NMDA 
receptor  channels,  the  E4/i^l  channel  exhibits  the  highest  apparent  affinities  for 
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L-glutamate  and  glycine,  and  the  el/^l  channel  the  lowest  affinities.  Funhermore, 
the  El/i^l  channel  is  most  sensitive  to  APV,  whereas  the  e3/i^l  channel  is  most 
sensitive  to  7CK.  TheE4/i^l  channel  is  least  sensitive  to  both  antagonists.  Remarkably, 
the  63/^1  and  e4/i^l  channels  are  less  sensitive  to  Mg^'  block  than  the  e  1/1^1  and 
£2/1^1  channels.  Furthermore,  we  have  found  that  the  El/t^l  and  E2/i^l  channels, 
but  not  the  E  3  /i^  1  and  £4/ 1  channels,  can  be  positively  modulated  by  TPA  treatment . 
These  findings  suggest  that  the  funaional  propenies  of  the  NMDA  receptor  channel 
are  critically  determined  by  the  constituting  £  subunit,  and  thus  the  molecular  diversity 
of  the  E  subunit  family  underlies  the  functional  heterogeneity  of  the  NMDA  receptor 
channel. 

Because  the  activity-dependent  change  in  synaptic  efficacy  mediated  by  the  NMDA 
receptor  channel  is  found  in  forebrain  regions  such  as  the  hippocampus  and  the  cerebral 
cortex,'  it  is  likely  that  the  El  and  £2  subunits  expressed  in  the  forebrain  play  a 
role  in  the  synaptic  plasticity.  In  accord  with  this  assignment,  the  El/J^l  and  E2/i^l 
channels  are  highly  sensitive  to  voltage-dependent  Mg^*  block,  which  is  essential 
for  the  NMDA  receptor  channel  to  mediate  the  induction  of  the  activity-dependent 
long-term  potentiation  of  synaptic  efficacy.  It  is  of  interest  that  the  El/t^l  and  £2/ 
channels,  but  not  the  £3/1^1  and  £4/1^1  channels,  are  positively  regulated  by  TPA 
treatment.  Thus,  modulation  of  the  El/^l  and  £2/^1  channels  by  protein  kinases 
may  represent  an  imponant  regulatory  mechanism  of  the  threshold  of  '■he  induction 
of  long-term  potentiation,  because  Ca^*  entry  through  the  NMDA  receptor  channel 
triggers  the  persistent  change  in  the  efficacy  of  synaptic  transmission.  Furthermore, 
the  £2/1^1  channel  expressed  from  early  stages  of  development  would  play  an  important 
role  in  experience-dependent  synaptic  plasticity  in  the  developing  brain.  The  predomi¬ 
nant  distribution  of  the  £3  subunit  mRNA  in  the  cerebellar  granule  cell  layer  and  the 
weak  sensitivity  of  the  £3/i^l  channel  to  Mg’’*  block  suggest  that  the  £3  subunit  is 
a  key  component  of  cerebellar  NMDA  receptor  channels  mediating  mossy  fiber-granule 
cell  synaptic  transmission.  Similarly,  the  £4  subunit  may  mediate  synaptic  transmission 
at  early  stages  of  development.  The  proposed  physiological  roles  of  the  respective  E 
subunits  of  the  NMDA  receptor  channel  could  be  tested  in  vivo  through  transgenic 
mouse  techniques  including  gene  targeting.  Our  cDNA  clones  of  the  mouse  NMDA 
receptor  channel  subunits  will  provide  valuable  tools  for  future  investigation  of  higher 
brain  funaions  and  brain  disorders  at  the  molecular  level. 
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INTRODUCTION 

Glutamate  is  a  major  excitatory  neurotransmitter  and  plays  an  imponant  role  in 
many  neuronal  functions  in  the  central  nervous  system  (CNS).' '  The  glutamate  func¬ 
tions  include  the  ordinary  synaptic  transmission,  the  modification  of  synaptic  connec¬ 
tion  during  development,  and  the  modulation  of  transmission  efficacy  during  plastic 
changes  in  the  adult  brain  '  •  Glutamate  is  thus  thought  to  be  involved  in  many  higher 
brain  functions  such  as  learning  and  memory  acquisition.  In  contrast,  ot  eractivation 
of  glutamate  receptors  under  pathological  conditions  causes  neurodegeneration  and 
neuronal  cell  death  and  may  al.so  lead  to  some  slowly  progressive  neurodegencratisc 
disorders  such  as  Huntington’s  disease  and  Alzheimer's  disease.’ ' 

The  diverse  functions  of  glutamate  neurotransmission  are  mediated  by  a  variety 
of  glutamate  receptors  that  can  be  categorized  into  two  distinct  groups  termed 
ionotropic  and  metabotropic  receptors  (mGluRs).'  ’  The  ionotropic  receptors  can  be 
subdivided  into  N-methyl-o-aspanate  (NMDA)  receptors  and  a-amino-.^-hydroxy-.^- 
methyl-4-isoxazolepropionate  (AMPA)/kainate  receptors.  They  contain  glutamate¬ 
gated,  integral  cation  channels  in  their  molecules.  The  metabotropic  receptors  are 
coupled  to  the  modulation  of  intracellular  second  messengers  through  GTP-binding 
proteins.'  We  have  been  working  on  molecular  characterization  of  the  NMDA 
receptors  and  mGluRs  and  have  revealed  the  existence  of  many  subtypes  or  subunits 
of  these  receptors  in  the  CNS.  This  article  deals  with  our  recent  studies  concerning 
the  molecular  diversity  of  the  glutamate  receptors  and  discusses  some  new  aspects  in 
this  field  of  research. 
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PHYSIOLOGICAL  IMPLICATIONS  OF  THE  NMDA  RECEPTOR 

The  NMDA  receptor  plays  a  key  role  in  many  neuronal  functions  in  the  CNS  ’ 
This  receptor  is  essential  for  inducing  long-term  potentiation  (LTP),  a  long-lasting  and 
activity-dependent  enhancement  of  transmission  efficacy  thought  to  underlie  funda¬ 
mental  processes  for  learning  and  memory.'*  This  receptor  also  plays  a  crucial  role 
in  inducing  neurodegeneration  and  neuronal  cell  death  under  pathological  conditions 
such  as  cerebral  ischemia  and  epilepsy.' 

The  NMDA  receptor  has  several  characteristic  properties  that  clearly  distinguish 
it  from  other  types  of  glutamate  receptors.’  The  integral  channel  of  the  NMDA 
receptor  is  highly  permeable  to  Ca’*,  and  the  increased  intracellular  Ca’"  in  neuronal 
cells  is  thought  to  be  responsible  for  evoking  glutamate-mediated  neuronal  plasticity 
and  neurotoxicity.  This  receptor  also  shows  several  unique  features,  including  voltage- 
dependent  Mg^*  blockade,  Zn’"  inhibition,  the  modulation  by  glycine,  and  channel 
blockade  by  selective  channel  blockers  such  as  MK-80 1  The  voltage-dependent  Mg^  ‘ 
blockade  of  the  NMDA  receptor  channel  is  postulated  to  be  a  key  switch  in  controlling 
the  induction  of  LTP  during  tetanic  stimuli."’ 


MOLECULAR  CLONING  OF  NMDA  RECEPTORS 

Using  a  Xenopus  oocyte  expression  system  combined  with  electrophysiology,  we 
first  isolated  and  characterized  a  key  subunit  of  the  rat  NMDA  receptor  (N.MD.AR  1 ) 
The  cloned  receptor  expressed  in  Xenopus  oocytes  faithfully  reproduces  the  characteris¬ 
tic  properties  of  the  NMDA  receptor  and  shows  a  high  Ca’ '  permeability  and  voltage- 
dependent  Mg^'  blockade.  The  pharmacological  profile  is  also  in  good  agreement 
with  that  reported  for  the  NMDA  receptor  in  the  brain.  Therefore  the  single  protein 
encoded  by  NMDARl  forms  a  functional  receptor-channel  complex  possessing  all 
pharmacological  and  elect  rophysiological  propenies  characteristic  of  the  NMDA  recep¬ 
tor  in  neuronal  cells.'  The  major  isoform  of  NMDARl  consists  of  938  ammo  acid 
residues  but  there  are  at  least  seven  isoforms  of  NMDARl  generated  by  alternative 
splicing.® 

The  above  characterization  of  the  homomeric  NMDARl  receptor,  however,  also 
showed  a  low  channel  activity  of  the  cloned  receptor  and  some  disparities  between 
the  expression  sites  of  NMDARl  mRNA  and  the  radioligand  binding  sites  of  the 
NMDA  receptor  in  the  brain.'  We  extended  molecular  screening  of  the  NMDA 
receptors  and  identified  four  additional  cDNA  clones  encoding  different  subunits  of 
the  NMDA  receptor,  termed  NMDAR2A-NMDAR2D.''  The  molecular  cloning  ot 
these  subunits  has  also  been  reported  from  the  laboratories  of  Mishina  and  SeeburgT'  ' 

The  NMDAR2A-NMDAR2D  subunits  share  only  1.5%  amino  acid  sequence 
homology  with  NMDARl  but  show  40-50%  homology  with  one  another  I'he’,’ 
consist  of  about  1 ,250- 1 ,500  amino  acid  residues  and  have  a  peculiar  large  carboxvl- 
terminal  extension  following  the  transmembrane  segments.'  ’’  All  NMDAR  subunits 
are  thought  to  comprise  four  transmembrane  segments  and  belong  to  the  ligand-gated 
ion  channel  family 

None  of  the  NMDAR2  subunits  evoked  any  appreciable  electrophysiological  re¬ 
sponses  after  agonist  application  in  homomeric  expression  in  Xenopus  oocytes.  How- 
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ever,  the  combined  expression  of  the  NMDAR2  subunits  with  the  NMDARl  subunit 
markedly  potentiated  the  responses  to  agonists.''"'^  The  combination  of  NMDARl 
with  different  NMDAR2  subunits  also  conferred  a  functional  variability  in  tbe  electro- 
physiological  and  pharmacological  properties.  Depending  on  the  subunit  combination, 
the  affinity  for  agonists  and  antagonists  and  the  sensitivity  to  Mg^*  blockade  are 
different  from  one  another.’  '"  '^  Therefore,  NMDARl  serves  as  a  key  subunit  neces¬ 
sary  for  the  NMDA  receptor  aaivity,  while  the  individual  NMDAR2  subunits  are 
involved  in  potentiating  the  glutamate  response  and  producing  the  functional  variability 
by  forming  the  heteromeric  configuration  of  the  NMDA  receptor-channel  complex 
(Table  1). 


STRUCTURE-FUNCTION  RELATIONSHIP  OF  NMDA 
RECEPTOR  CHANNEL 

All  the  NMDAR  subunits  can  fit  into  a  transmembrane  model  of  the  ligand-gated 
ion  channels,  in  which  the  second  transmembrane  (TM  II)  segment  is  thought  to  be 
involved  in  lining  a  channel  pore."  To  investigate  the  structural  features  that  control 
Ca’*  permeation  and  channel  blockade  of  the  NMDA  receptor,  we  systematically 
changed  single  amino  acids  in  the  vicinity  of  TM  II  segment  of  NMDAR  1  and  examined 
the  channel  properties  of  the  resultant  mutants  in  combined  expression  with  the 
wild-type  NMDAR2  A  in  Xenopus  oocytes. "  In  the  mutants  examined,  the  substitution 
of  the  asparagine  in  TM  II  .segment  by  either  glutamine  or  arginine  dramatically  reduced 
Ca^*  permeability  and  the  sensitivity  to  the  blockades  by  Mg-’*  and  MK-801  "  ''' 
These  mutations  also  reduced  the  inhibitory  effects  of  Zn’*  and  an  antidepressant 
desipramine."  All  NMDA  receptor  subunits  contain  asparagine  at  the  corresponding 
positions  of  TM  II  segments.’  Therefore  an  asparagine  ring  could  be  formed  at  the 
central  part  of  the  channel  pore  of  the  NMDA  receptor  and  may  provide  a  constriction 
that  controls  both  the  Ca^*  permeation  and  the  blockades  by  Mg-’*  and  other  cationic 
channel  blockers. 


EXPRESSION  OF  NMDAR  SUBUNITS 

In  situ  hybridization  analysis  indicated  that  the  NMDARl  mRNA  is  expressed 
in  almost  all  the  neuronal  cells  in  both  central  and  peripheral  nervous  systems  (Fig 
1).'  "  The  mRNAs  for  different  NMDAR2  subunits  show  overlapping  but  different 
expression  patterns  in  the  brain.'""'*  The  NMDAR2A  mRNA  is  prominently  ex¬ 
pressed  in  the  cerebral  cortex  and  hippocampus,  while  the  NMDAR2B  mRNA  is 
distributed  throughout  the  forebrain  region.  The  NMDAR2C  mRNA  predominates 
in  the  cerebellum  and  the  NMDAR2D  mRNA  is  expre.ssed  in  the  diencephalic/lowcr 
brain  stem  regions  (Fig.  It  has  been  reported  that  the  pharmacological  and 

physiological  properties  of  the  NMDA  receptors  vary  in  different  brain  regions  " 
Thus,  the  anatomical  and  functional  differences  of  the  NMDAR2  subunits  provide 
the  molecular  basis  for  the  heterogeneity  of  the  NMDA  receptors 

The  timing  of  the  appearance  of  each  NMDAR  subunit  mRNA  during  dcs  clop- 
ment  is  also  different  from  subunit  to  subunit.'’  NMDARl  appears  early  in  tbc 
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FIGURE  1.  Distribution  of  mRNAs  for  tht  NMDARl  and  NMUAR2  subunits  in  the  adult  rat 
brain  Negative  film  images  of  in  situ  hybridization  of  parasagittal  sections  are  shoes  n  Indisidual 
N'MDAR  subunits  show  different  expression  patterns  in  the  brain 

embryonic  stage  and  maintains  thereafter  a  very  high  level  of  expression  throughout 
the  brain  regions.  NMDAR2B  and  NMD/\R2D  also  appear  in  the  emhrxonic  brain 
and  show  a  broad  range  of  expression  during  the  neonatal  stage  Their  expitssions 
then  gradually  decline  and  converge  to  more  limited  portions  NMDAR2A  and 
NMDAR2C,  on  the  other  hand,  gradually  appear  after  birth  and  reach  a  plateau  of 
expression  in  the  adult  brain.'''  The  different  ontogenic  change  in  the  expression  of 
the  different  NMDA  receptor  subunits  mav  subserve  specific  functions  during  neuron.d 
development,  but  its  physiological  meaning  remains  to  he  elucidated 


MOLECULAR  CLONING  OF  METABOTROPIC 
GLUTAMATE  RECEPTORS 

Our  molecular  cloning  studies  have  now  reve.ded  that  there  are  at  least  six  different 
subtypes  of  the  mCduR  family  (  Tabi a  2)  '  These  six  suhtvpes.  termed  niCduRl- 

mCiluRh.  possess  mmon  structur.d  architecture  with  a  large  extracellular  amino- 
terminal  dfimain  p,  ^ceding  the  sexen  transmemhr.ine  segments  and  are  highlx  homido- 
gous  in  both  their  transinemhrane  segments  and  extracellular  domains  '  ‘  The  high 

conservation  of  cysteine  residues  in  the  extraeelliilar  domains  is  ,dso  striking  .ind  is 

thought  to  he  eruciid  for  the  struetur.d  formation  of  the  niGluRs . '  I  he  m(  duRs 

do  not  show  any  sei|uence  homology  with  other  members  of  (i  protein  cou('led 
receptors  ,intl  represent  a  novel  tamilv  of  (,  protein-coupled  receptors  I  he  six 
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receptor  subtypes  can  be  divided  into  three  subgroups  according  to  their  sequence 
similarities;  mGluRl/mGluR5,  mGluR2/mGluR?,  and  mGluR4/mGluR6.  They 
show  about  60-70%  homology  within  the  same  subgroups  and  about  40%  homology 
between  different  subgroups  (Table  2). 


FUNCTIONAL  ANALYSES  OF  THE  CLONED  mGluRs 

To  investigate  signal  transduction  mechanisms  and  pharmacological  properties  of 
individual  mGluR  subtypes,  we  established  cell  lines  permanently  expressing  each 
mGluR  subtype  by  DNA  transfection  and  then  examined  the  modulation  of  the  second 
messengers  after  agonist  stimulation. 

mGluRl  and  mGluR5  stimulate  inositol  trisphosphate  (IPO  formation  and  lead 
to  the  intracellular  Ca^’  mobilization.’^  The  agonist  selectivity  is  virtually  the  same 
between  these  two  receptor  subtypes  and  the  rank  order  of  agonist  potencies  is  quis¬ 
qualate  >  glutamate  ^  ibotenate  >  trans-l-aminocyclopentane-1 ,5-dicarboxylate 
(tACPD).”'*^ 

All  other  subtypes,  on  the  other  hand,  mediate  the  inhibition  of  the  forskolin- 
stimulated  accumulation  of  intracellular  adenosine  ?'.5'-monophosphate  (cAMP)  in 
agonist-dependent  manner.^'  mGluR2  and  mGluRS  resemble  each  other  in  their 
agonist  selectivity  and  the  rank  order  of  agonist  potencies  is  glutamate  >  tACPD  > 
ibotenate  >  quisqualate.^'  ”  mGluR4  and  mGluR6  are  totally  different  from  mGluR2 
and  mGluR3  in  their  pharmacological  properties.  These  subtypes  potently  react  with 
L-2-amino-4'phosphonobutyrate  (l-AP4)  in  a  stereoselective  manner  and  also  respond 
to  L-serine-O-phosphate  (l-SOP).”  Therefore  the  mGluR  subtypes  can  be  classified 
into  three  subgroups  according  to  not  only  their  sequence  similarities  but  also  their 
signal  transduction  pathways  and  agonist  selectivities  (Table  2) 

L-AP4  has  been  shown  to  suppress  synaptic  transmission  by  inhibiting  glutamate 
release  at  presynaptic  sites  in  many  brain  regions.’  The  agonist  selectivity  of  mGluR4 
corresponds  well  to  that  of  the  putative  AP4  receptor.’'  Furthermore,  tACPD,  which 
is  a  potent  agonist  for  mGluR2/ mGluR5,  has  also  been  reported  to  act  suppressivelv  at 
the  presynaptic  site.'"'  Therefore,  mGluR2,  mGluR3,  and  mGluR4  appear  to  represent 
presynaptic  autoreceptors  and  may  play  an  important  role  in  controlling  glutamate 
transmission. 


EXPRESSION  OF  METABOTROPIC  GLUTAMATE  RECEPTORS 

The  mRNAs  for  different  mGluR  subtypes  show  overlapping  but  distinct  expres¬ 
sion  patterns  in  the  rat  brain  (Fig.  2)  The  mGluR  1  mRNA  is  highly  expressed 

in  the  cerebellum  and  the  hippocampal  dentate  gyrus  and  pyramidal  cells  of  C,A2-3 
regions.^"”  1  he  mGluR.*'  mRNA  is  prominently  expressed  in  the  cerebral  cortex, 
striatum,  olfactory  bulb,  and  pyramidal  cells  throughout  the  hippocampal  CAI-! 
regions  The  expression  of  this  mRNA  is  very  low  m  the  cerebellum  '■  1  he  mGluR2 
mRNA  IS  highly  cxpres.sed  in  cerebellar  Golgi  cells,  the  accessory  olfactory  bulb,  and 
granule  cells  of  the  hippocampal  dentate  gyrus.’ '  Fhe  mGluR  3  mRNA  is  pronnnentU 
expressed  in  the  cerebral  cortex,  striatum,  hippocampal  dentate  gx  rus,  and  th.ilamus 
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FIGURE  2.  Distribution  of  mRNAs  for  the  mGluRl-mGluR5  subunits  in  the  adult  brain  Negative 
film  images  of  in  situ  hybridization  of  parasagittal  sections  are  shown  Each  niGluR  subunit  shows 
a  charaaeristic  expression  pattern  in  the  brain. 


The  characteristic  feature  of  this  mRN  A  is  its  expression  in  both  glial  cells  and  neuronal 
cells,’’  The  mGluR4  mRN  A  is  more  restrictedly  expressed  and  is  confined  to  granule 
cells  of  the  cerebellum,  the  thalamus,  and  olfactory  bulb  ■' 


RETINAL  L-AP4-SENS1TIVE  mGluR 

Several  lines  of  evidence  sugge,sted  some  regulatory  functions  of  metabotropic 
glutamate  receptors  in  the  CNS."‘"  However,  many  of  the  physiological  roles  of 
mGluRs  still  remain  to  be  elucidated.  Recent  electrophysiological  studies  indicated 
that  the  mGluR  that  is  sensitive  to  L-AP4  plays  an  important  role  in  the  synaptic 
transmission  between  photoreceptor  cells  and  ON-bipolar  cells  in  the  visual  svstem 
through  the  coupling  to  the  guanosine  3',,^'-monophosphate  (cGMP)  cascade  V\’c 
thus  focused  on  the  putative  t.-AP4-scnsitivc  receptor  in  the  retina 

By  molecular  screening  of  a  rat  retinal  cDNA  library,  we  isolated  a  novel  subtype 
of  the  metabotropic  glutamate  receptor,  termed  mGluRh.’'’  When  mGluRb  is 
transfected  and  expressed  in  Chinese  hamster  ovarv  (CHO)  cells,  this  receptor  inhibits 
the  forskolin-stimulatcd  cAMP  formation  with  an  agonist  selectivitv  to  1-AP4  and 
i,-serine-0-phosphate  I'he  rank  order  of  agonist  potency  is  thus  in  good  agreement 
with  that  reponed  for  the  mGluR  in  retinal  ON-bipolar  cells  RNA  blot  hvbridization 
analysis  indicated  that  mGluR6  mRNA  is  exclusively  expressed  in  the  retina  Funher- 
more,  m  sttu  hybridization  analysis  revealed  the  distribution  of  mGluRb  mRNA  con- 
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fined  to  the  outer  zone  of  the  inner  nuclear  layer  of  the  retina,  where  OK-bipolar 
cells  are  localized. In  contrast  to  our  observation  that  mGluR6  is  coupled  to  the 
inhibitory  cAMP  cascade,  the  L-AP4-sensitive  mGluR  in  ON-bipolar  cells  is  linked 
to  the  cGMP  cascade.  However,  it  is  also  known  that  under  a  heterologous  expression 
system  where  preferred  G  proteins  or  subsequent  effectors  are  absent,  a  transfected 
receptor  can  be  coupled  to  a  different  signal  transduction  pathway,  fherefore.  the 
difference  in  the  signal  transduction  of  the  bipolar  cell  receptor  and  mGluR6  may  be 
due  to  the  lack  of  appropriate  cGMP  signal  transduction  machinery  in  CHO  cells. 

On  the  basis  of  our  results  and  the  previous  repons  from  other  laboratories,  the 
following  model  can  be  proposed  as  a  mechanism  mediated  by  the  mGluR6  function 
in  the  visual  transduction  system  (Fig.  >).  When  light  reaches  eyes,  intracellular  concen¬ 
tration  of  cGMP  in  photoreceptor  cells  decreases  as  a  result  of  the  stimulation  of 
cGMP  phosphodiesterase  through  the  activation  of  transducin.  The  decrease  in  cGMP 
concentrations,  in  turn,  leads  to  the  closure  of  the  cGMP-gated  cation  channels  and 
hyperpolarizes  photoreceptor  cells.  This  hyperpolarization  then  results  in  the  reduction 
of  glutamate  release.  Under  this  situation  the  mGluR6-G  protein-phosphodiesterase 
system  in  ON-bipolar  cells  becomes  inactive  and  increases  intracellular  concentration  of 
cGMP.  The  cGMP-gated  cation  channel  is  then  opened  and  depolarizes  the  ON-bipolar 
cells.  This  depolarization  releases  ^utamatc  from  ON-bipolar  cells  and  excites  ganglion 
cells  It  is  thus  conceivable  that  different  subtypes  of  mGluRs  are  linked  to  distinct 
intracellular  effectors  and  may  play  differential  roles  in  glutamate  transmission. 


SUMMARY 

Our  molecular  studies  have  revealed  the  existence  of  a  large  number  of  different 
.subunits  or  subtypes  for  the  NMDA  and  metabotropic  glutamate  receptors,  fhe 
individual  receptors  show  fcr.ctional  variabilities  and  distinct  expression  patterns  in 
the  CNS.  The  NMDA  receptors  belong  to  the  ligand-gated  ion  channel  family  and 
consist  of  a  key  subunit  NMDARl  and  four  accessory  subunits  NMDAR2A- 
NMDAR2D.  The  combination  of  NMDARl  and  NMDAR2  in  heteromcric  configu¬ 
rations  potentiates  glutamate  response  and  produces  a  functional  variability  All  the 
NMDAR  subunits  have  an  asparagine  residue  at  the  corresponding  position  of  the 
second  transmembrane  segments,  and  these  residues  are  thought  to  be  responsible  for 
controlling  Ca^*  permeation  and  the  channel  blockade  by  Mg '  and  cationic  channel 
blockers.  Individual  NMDAR  .subunit  mRNAs  are  different  in  their  expression  patterns 
during  development  and  in  the  adult  brain.  The  mGluR  family  consists  of  at  least  six 
different  subtypes  These  subtypes  are  divided  into  three  subgroups  according  to  their 
sequence  similarities,  signal  transduction  mechanisms,  and  pharmacological  properties 
Although  their  physiological  roles  largely  remain  to  be  elucidated,  the  retinal  i-.'\P4- 
sensitive  mGluR  may  have  a  specific  function  that  mediates  excitatory  neurotransmis- 
sion  in  the  visual  system.  It  is  thus  undoubtedly  important  to  investigate  specific 
functions  of  different  combinations  of  the  NMDA  receptor  subunits  and  different 
subtypes  of  mGluRs  and  to  explore  the  molecular  mechanisms  of  glutamate  receptor- 
mediated  neuronal  plasticity  and  neurotoxicity 
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FIGURE  }.  Schematic  illustration  of  the-  hypothetical  signal  rransduction  in  the  visual  system  One 
subtype  of  metaliotropic  glutamate  receptors,  mGluR6.  is  thought  to  be  localircd  in  ON-bipolar  cells 
and  involved  in  the  synaptic  transmission  lietween  photoreceptor  cells  and  ON-bi(X)lar  cells  ..trough 
the  coupling  to  the  cyclic  GMP  cascade 
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INTRODUCTION 

The  characterization  of  the  ryanodine  receptor/calcium  release  channel  has  pro¬ 
gressed  physiologically  and  biochemically  in  recent  years, '  -  Skeletal  muscle  sarcoplas¬ 
mic  reticulum  (SR)  provides  the  richest  source  of  the  ryanodine  receptor.  The  purified 
ryanodine  receptor  with  a  monomeric  relative  molecular  mass  (Ah)  of  400-4.^0  kD 
is  thought  to  form  a  homotetrameric  complex  and  is  morphologically  identified  with  the 
“foot"  structure,  which  spans  the  gap  between  the  SR  and  transverse  tubule  membranes 
When  reconstituted  into  a  planar  lipid  bilayer  the  receptor  has  been  shown  to  function 
as  a  calcium-release  channel.  The  channel  propenies  and  subcellular  distribution  of 
the  ryanodine  receptor  suggest  its  involvement  in  the  SR  calcium  release  that  occurs 
during  excitation-contraction  (E-C)  coupling  in  skeletal  muscle. 

Recently,  ryanodine  receptors  were  also  purified  from  heart  and  brain  and  their 
functional  properties  were  investigated.’"''  These  results,  together  with  evidence  from 
physiological  experiments,  suggest  that  ryanodine  receptors  take  pan  in  calcium  signal¬ 
ing  in  muscle  cells  and  neurons.  This  paper  reviews  our  experiments  on  three  types 
of  ryanodine  receptor  using  recombinant  DN’As 


SKELETAL  MUSCLE  RYANODINE  RECEPTOR 

After  purification  of  the  ryanodine  receptor  from  rabbit  skeletal  muscle  SR,  the 
cDNA  encoding  this  protein  was  cloned  on  the  basis  of  the  panial  amino  acid  se¬ 
quences.'  Sequence  analy.si.s  of  the  cDNA  revealed  that  the  rabbit  skeletal  muscle 
ryanodine  receptor  is  composed  of  .^,017  amino  acid  residues  and  the  calculated  A1, 
is  565  kD  (Fig.  1),  The  deduced  amino  acid  sequence  of  the  ryanodine  receptor  vs  as 
analyzed  for  local  hydropathicity  and  predicted  secondary  structure  (Fir,  2)  I'he 
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receptor  molecule  has  four  highly  hydrophobic  segments  with  predicted  secondary 
structure  in  its  C-terminal  tenth.  These  segments  (M1-M4),  each  comprising  about 
20  amino  acid  residues,  presumably  represent  transmembrane  a-helices.  1  he  ryanodine 
receptor  does  not  possess  a  hydrophobic  amino-terminal  sequence  indicative  of  the 
sign^  sequence.  This  may  indicate  that  the  portion  preceding  segment  Ml,  which 
constitutes  nine-tenths  of  the  receptor  molecule,  is  located  on  the  cytoplasmic  side 
of  the  SR  membrane.  The  C-terminal  region  of  the  ryanodine  receptor,  including 
segments  MJ  and  M4,  shows  remarkable  amino  acid  sequence  similarity  to  the  corre¬ 
sponding  region  of  the  inositol-1, 4, 5-triphosphate  receptor,  which  functions  as  a  cal¬ 
cium  channel  of  endoplasmic  reticulum.'*  Thus  the  C-terminal  region  of  both  the 
receptors  may  be  important  in  forming  intracellular  membrane  channels.  These  obser¬ 
vations  suggest  that  the  ryanodine  receptor  molecule  consists  of  two  main  parts;  the 
C-terminal  channel  region  and  the  large  cytoplasmic  region  that  apparently  corresponds 
to  the  “foot”  structure  (Fig.  3). 


FIGURE  3 .  Proposed  transmembrane  topology  and  molecular  architecture  of  the  r\  anodine  recep¬ 
tor,  together  with  the  DHP  receptor  In  the  triad  |unction  of  skeletal  muscle  (From  lakeshim.i  et 
ai'  Reprinted  with  permission  ) 
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FIGURE  4.  Functional  expression  of  the  skeletal  muscle  rxanodine  receptor  cDNA  in  C.HO  colls 
(A)  Immunoblotting  analysis  of  the  heavy  SR  fraction  from  rabbit  skeletal  muscle  (lane  a)  and 
membrane  preparations  from  C7JI I  cells  (lane  b).  C798  cells  (lane  i).  and  non-transfcctcd  CHO 
cells  (lane  d).  using  monoclonal  antibody  against  the  rabbit  skeletal  muscle  rs  anodine  receptor  (B) 
Binding  of  ('H|rvanodine  to  membrane  preparations  from  C7?l  1  cells  (•),  C798  cells  (■(.  and 
non-transfected  CHO  cells  (A);  the  inset  shows  Scatchard  plots  of  the  data  (C)  Caffeine-induced 
calcium  release  in  fura-2-AM-loaded  C75 1 1  cell  Application  of  caffeine  (10  mM)  was  indicated  b\ 
the  bar  and  the  second  application  was  performed  after  replacing  the  normal  saline  by  the  nominalK 
calcium-free  saline  (A  and  B  From  Takeshimarr<j/.'C:  From  Fenner  oaf  Reprinted  with  permission  ) 
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FIGURE  5 .  Profile  of  local  amino  acid  sequence  identity  between  the  rabbit  cardiac  and  skeletal 
muscle  ryanodine  receptors.  The  horizontal  line  indicates  the  overall  percent  sequence  identity  between 
the  two  ryanodine  receptors.  The  positions  of  the  putative  transmembrane  segments  M1-M4  are 
shown  by  filled  boxes.  (From  Nakai  et  al.‘  Reprinted  with  permission.) 


To  examine  whether  the  funaional  calcium-release  channel  is  formed  by  the 
ryanodine  receptor  cDNA,  expression  plasmids  were  constructed  that  carry  the  entire 
protein-coding  sequence  of  the  ryanodine  receptor  cDNA,  linked  to  the  SV40  early 
promoter,  and  the  neomycin-resistance  marker  gene.”  Chinese  hamster  ovary  (CHO) 
cells  were  transfected  with  the  expression  plasmids  and  G418-resistant  clones  that 
were  shown  by  RNA  blot  hybridization  analysis  to  promote  ryanodine  receptor  mRNA 
were  seleaed.  Immunoblotting  analysis  of  membrane  preparations  using  antibody 
against  the  ryanodine  receptor  revealed  that  the  transformed  clones  produced  a  protein 
indistinguishable  in  Al,  from  the  ryanodine  receptor  in  skeletal  muscle  SR  (Fig.  4, 
A).  Figure  4  (B)  shows  that  membrane  preparations  from  the  transformed  clones  were 
capable  of  binding  ryanodine  and  Scatchard  analysis  yields  an  apparent  dissociation 
constant  (Kj)  of  1 9  nM,  which  is  in  the  same  range  as  the  Kd  measured  with  skeletal 
muscle  SR  membrane,  Fura-2  measurements  were  performed  to  study  the  calcium- 
release  properties  of  the  transformed  clones  (Fig.  4,  C).  We  used  caffeine,  a  well-known 
activator  of  the  Ca^* -induced  Ca^‘  release  in  skeletal  muscle.  Calcium  responses  to 
caffeine  were  observed  in  the  transformed  cells  but  not  in  non-transfected  cells  The 
responses  were  clearly  due  to  release  of  calcium  from  intracellular  stores,  since  similar 
responses  were  observed  after  removing  calcium  from  bath  solution.  Ryanodine  also 
induced  calcium  release  in  the  transformed  clones. '  These  results  indicate  that  functional 
calcium  release  channels  are  formed  by  expression  of  the  ryanodine  receptor  cDNA. 


CARDIAC  RYANODINE  RECEPTOR 

A  rabbit  cardiac  cDNA  library  was  screened  by  cross-hybridization  with  a  skeletal 
muscle  ryanodine  receptor  cDNA  probe  and  the  cardiac  ryanodine  receptor  cDNA  was 
isolated.  The  rabbit  cardiac  ryanodine  receptor,  deduced  from  the  cDNA  sequence,''  is 
homologous  in  amino  acid  sequence  (67%  identity)  and  shares  characteristic  structural 
features  with  the  skeletal  muscle  counterpart  (Fig.  1).  Figure  5  shows  the  profile  of 
local  amino  acid  sequence  identity  between  the  cardiac  and  skeletal  muscle  ryanodine 
receptors.  The  C-terminal  region  that  encompasses  segments  Ml  and  M4  is  highly 
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conserved,  whereas  other  regions,  for  example,  the  region  immediately  preceding 
segment  M 1  and  the  region  around  position  1 3  50  are  rather  divergent .  The  SR  calcium 
release  channel  is  activated  or  inhibited  by  various  modulators,  including  calcium 
ion,  adenine  nucleotides,  caffeine,  calmodulin,  and  ryanodine.  Some  candidates  for 
modulator  binding  sites  were  discussed  in  comparison  between  the  amino  acid  sequence 
of  the  skeletal  muscle  receptor  and  that  of  the  cardiac  receptor  elsewhere.*  And  func¬ 
tional  calcium  release  channels  were  expressed  from  the  cardiac  ryanodine  receptor 
cDNA  in  Xenofms  oocytes  and  CHO  cells.*’ 


BRAIN  COUNTERPART  OF  THE  RYANODINE  RECEPTOR  AND 
DISTRIBUTION  OF  THE  RYANODINE  RECEPTORS 

A  brain  cDNA  library  was  screened  for  ryanodine  receptor  related  protein  with 
probes  from  the  skeletal  muscle  and  cardiac  ryanodine  receptor  cDNAs  and  the  cDNA 
of  a  novel  brain  counterpart  of  the  ryanodine  receptor  was  isolated  recently.'*’  The 
cDNA  carries  an  open  reading  frame  that  encodes  a  sequence  of  4,872  amino  acids 
and  the  deduced  protein  is  homologous  in  amino  acid  sequence  and  shares  characteristic 
structural  features  with  the  skeletal  muscle  and  cardiac  ryanodine  receptors  (Fig.  1). 
These  results  indicate  that  this  protein  functions  as  a  calcium  release  channel  and 
involves  in  calcium  signaling  in  neurons.  However  physiological  and  pharmacological 
properties  of  this  protein  remain  to  be  investigated. 

The  distribution  of  the  three  mRNA  types  (designated  as  skeletal  muscle,  cardiac, 
and  brain  types)  was  examined  using  RNA  blot  hybridization  analysis  (Fig.  6).*  '*’  The 
skeletal  muscle  ryanodine  receptor  mRNA  is  detected  only  in  skeletal  muscle.  The 
cardiac  ryanodine  receptor  mRNA  is  distributed  throughout  the  brain  and  smooth 
muscles.  On  the  other  hand,  the  brain  ryanodine  receptor  mRNA  is  found  abundantly 
in  restrirted  areas  of  the  brain  (corpus  striatum,  thalamus,  and  hippocampus)  and  also 
in  aorta.  Abundant  experimental  data  have  su^ested  that  the  major  species  of  the 
ryanodine  receptor  in  brain  is  the  product  of  the  cardiac  ryanodine  receptor  gene. 
However  different  distribution  of  the  ryanodine  receptor  types  may  suggest  that  cal¬ 
cium  signaling  is  divergent  in  regions  of  the  brain. 


CONCLUSIONS 

The  primary  structures  of  the  ryanodine  receptors  from  skeletal  muscle  and  heart 
have  been  deduced  by  cloning  and  sequencing  the  cDNAs.  Expression  of  the  cDNAs 
yielded  functional  calcium  release  channels.  A  third  ryanodine  receptor  species  has 
been  identified  by  cloning  the  cDNA  from  brain. 
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INTRODUCTION 

Many  external  signals  utilize  the  phosphoinositide  signaling  pathway  to  regulate 
cellular  function.  The  phosphoinositide  (PI)  turnover  system  acts  as  a  signal-transducinsz 
cascade  in  the  central  nervous  system.'  ’  Many  of  the  receptors  coupled  w  ith  G  protein 
activate  phospholipase  C  (PI.C),  which  hydrolyzes  phosphatidylinositol  4,.^-bis- 
phosphate  generating  inositol  1 ,4.5-trisphosphate  (InsPi)  and  1 .2-diacvlgl\ccrol 
(DAG).  DAG  is  known  to  activate  protein  kinase  C.'  InsPi  is  now  generally  accepted 
to  work  as  an  intracellular  second  messenger.’  InsP,  binds  to  the  specific  InsPi  receptor 
(InsP,-R)  that  releases  Ca^*  from  intracellular  storage  sites.-  The  released  Ca-'  modu¬ 
lates  various  Ca^* -associated  proteins,  such  as  calmodulin  and  Ca  ' /calmodulin- 
dependent  protein  kinase  II  (CaM  kinase  II) 

InsPrR  was  originally  characterized  in  1 979  as  a  protein  P^,^  present  in  the  cerebel¬ 
lum  in  normal  mice  but  not  in  cerebellar  Purkinje-cell-deficient  mutant  mice'  and 
also  as  PCPP-ZbO"  and  GP-A'  long  before  the  importance  of  InsPi  was  recognized 
as  a  second  messenger  to  release  Ca’'.  InsP,-binding  protein  and  P**.  protein  were 
shown  to  be  identical  immunologically  by  using  specific  monoclonal  antibodies."  Re- 
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cently,  the  primary  structure  of  InsPi-R  has  been  determined  through  cDNA  cloning 
from  rodents.''  "  Here,  we  describe  the  molecular  properties  of  InsP.-R  and  the  role 
of  InsP,-R  in  Ca*’  signaling. 


P400  PROTEIN  AND  PURKINJE-CELL-DEFICIENT 
MUTANT  MOUSE 

The  mouse  cerebellar  conex  contains  five  types  of  neurons.  One  type,  the  Purkinje 
cell,  plays  an  impionant  role  in  information  processing,  since  the  sole  output  from 
the  cerebellar  cortex  is  the  axons  of  Purkinje  cells.’’  SDS-polyacrylamide  gel  electropho¬ 
resis  has  revealed  that  a  membrane  glycoprotein  P4OT  (M,  2  SO  kD)  capable  of  binding 
to  concanavalin  A  (ConA)  was  found  to  be  greatly  decreased  in  Purkinje-cell-deficient 
mutant  mice  such  as  pcd,  nervous  (Fig.  1),  and  Lurcher.’ ''  P4,h>  was  also  decrea.sed 
in  the  staggerer  mutant,  which  has  poor  dendritic  arborization  lacking  tertiary'  branched 
spines  that  serve  as  the  sites  of  synapse  of  the  Purkinje  cells.  The  weaver  mutant, 
which  lacks  only  granule  cells  in  the  cerebellum,  contains  a  slight  increase  in  the  protein 
content  (Fig.  I).’'’  This  increased  content  is  presumably  due  to  a  relative  increase  in 
the  proportion  of  Purkinje  cells  in  the  cerebellum  caused  by  the  death  of  granule 
cells.  P400  was  labeled  by  ['‘'Clleucine  in  vivo  and  was  one  of  the  major  proteins 
phosphorylated.  These  results  suggested  that  P400  has  an  active  function  in  the  Purkin)e 
cells.”^ 


Purificaaon  and  Characterization  of  P4M 

P4flo  is  localized  in  the  submicrosomal  fraction  (P3 1  fraction)  of  the  mouse  cerebel¬ 
lum,  solubilized  by  a  solution  containing  4%  Zwittergent  3-14  and  4  M  guanidinium 
chloride,  and  purified  by  Sepharose  CL-4B  and  ConA  column  into  homogeneity 
Endo-P-N-acetylgiucosaminidase  F  digestion  of  P4<xi  revealed  that  Pxod  has  asparagine- 
linked  oligosaccharide  chains." 

The  purified  InsPj-R  was  phosphorylated  in  vitro  by  the  catalytic  subunit  of  c.AMP- 
dependent  protein  kinase  (PKA)  and  by  the  Ca^  *  /calmodulin-dependent  protein  kinase 
II  (CaM  kinase  II).’'’  InsP^-R  was  phosphorylated  by  incubating  the  cultured  cerebel¬ 
lar  cells  with  (’’Plorthophosphate.  Three  monoclonal  antibodies,  4Cl  1,  10A6,  and 
18A10,  were  obtained  by  Western  blot  screening.  P4,  ,  concentration  increased  as  the 
Purkinje  cells  developed,  correlating  with  the  dendritic  arborization  of  the  Purkinje 
cell-  " 


Identihcaaon  of  P400  as  an  InsP,  Receptor 

In.sPi-R  was  isolated  in  1988  from  the  rat  cerebellum  and  showed  the  follow'ing 
properties;  ConA  binding,  heparin  binding,  phosphorylation  by  PKA,  M,  260  kD, 
and  localization  in  the  cerebellum.'"  These  properties  were  consistent  with  those  of 
Pxfxi  (or  PCPP-260  or  GP-A),  which  is  abundant  in  the  cerebellum.  In  order  to  confirm 
the  identity  of  P41K1  as  InsPi-R,  we  purified  the  InsPi-R  from  the  mouse  cerebellum 
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a  b  c  a'  b'  c' 


II 

InsPj-R 


FIGURE  1 .  SDS-polyacrylamidc  gel  cleetrophoreiie  analysis  of  the  protein  profile  of  the  eeretiellum 
(a,  a')  from  wjd  type  eontrol,  (h,  li')  from  weaver,  and  (e,  e')  from  nervous  mutant  mite  \\  ater-solulile 
fractions  are  a.  h.  t.  and  memh-ane  fractions  are  a’,  h'.  c’  High  molecular  weight  protein.  is 
almost  missing  m  the  nervous  mutant  mi>usv 

wirh  In.sP,  binding  afi  a  marker,  solubilizing  it  with  Triton  X- 1 00  followed  by  sequential 
column  chromatography  by  DE.f2,  hepann-agarose,  lentil  lectin-Sepharose.  and  hy- 
droxylapatite.  The  immunoblot  analysis  revealed  that  P**,  and  InsP.-R  co-migratc  at 
each  purification  step "  All  three  monoclonal  antiljodies  (mAbs)  against  P^,„  reacted 
with  the  purified  mouse  InsP,-R.  Monoclonal  antilwdy  18A10  immunoprecipitated 
the  InsP ,  binding  activity.  These  results  demonstrated  that  Pc,*,  is  identical  to  the 
ln,sPrR" 
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cDNA  Cloning  of  the  InsPi  Receptor 

We  isolated  cDNA  of  InsPi-R  from  mouse  cerebellar  cDNA  libraries  constructed 
in  phage  lambda  gtl  1  expression  vectors,  using  the  three  mAbs.  On  the  basis  of  the 
cDNA  sequence,  the  InsPj-R  is  predicted  to  comprise  2,749  amino  acids  (M,  313 
kD),  From  hydropathy  profiles,  the  receptor  is  predicted  to  have  membrane-spanning 
domains  that  cluster  around  the  C-terminus.''  We  have  recently  found  that  our  previous 
model  was  incorrect  with  regard  to  the  transmembrane  topology  in  which  the  receptor 
traverses  the  membrane  an  odd  number  of  times.  According  to  the  immunoelectron 
microscopic  observations  using  immunogold  (Fig.  2),  we  revised  our  model  so  that 
the  receptor  traverses  the  membrane  an  even  number  of  times-six  times  (M1-M6).''' 
Thus,  a  large  hydrophilic  N-terminal  region  (2,275  amino  acids,  8  3%)  and  a  shon 
hydrophilic  C-terminal  region  ( 1 60  amino  acids,  5.8%)  are  localized  on  thecv^oplasmic 
side  of  the  membrane.  InsPi-R  showed  a  fragmentary  sequence  homology'  with  the 
ryanodine  receptor.  The  transmembrane  region  and  successive  C-terminal  region  of 
the  InsPpR  showed  a  striking  homology  with  the  ryanodine  receptor " 

Recently,  novel  InsPpR  subtypes  different  from  the  originally  cloned  receptor  were 
reponed.^'"’’  We,  therefore,  call  the  originally  cloned  receptor  Type  I  InsPi-R 


Biochemicsd  Properties  of  the  InsP,  Receptor 

InsPi  binding  activity  in  the  cerebellum  is  100-300  times  greater  than  that  observed 
in  peripheral  tissue.’'*  The  binding  affinities  of  the  purified  receptors  from  cerebellum 
and  aorta  smooth  muscle  are  different  (K,i  83-100  nM  for  the  cerebellum  and  2  4 
nM  for  the  smooth  muscle),  which  suggests  that  there  are  distinct  types  of  receptors.’* 
Here,  we  focus  on  the  Type  I  InsPj-R. 

The  subunit  .structure  of  the  InsPi-R  was  examined  by  crosslinking  experiments 
Agarose-PAGE  analysis  after  crosslinkage  of  the  purified  receptor  from  the  cerebellum 
revealed  four  distinct  bands  of  M,  320.  650,  1,000,  and  1 ,250.  The  same  pattern  of 
crosslinking  was  found  with  microsome-bound  receptor.  To  investigate  whether  the 
native  receptor  exists  in  a  covalently  or  non-covalently  coupled  state,  we  denatured 
the  purified  InsPi-R  using  SDS  under  reducing  conditions,  the  receptor  show  ed  an  M, 
of  3  20  K  in  agarose-PAGE.  The  tetrameric  structure  of  InsPi-R  was  slow!  v  destroyed  bv 
SDS  under  non-reducing  condition.  It  is  therefore  proposed  that  the  native  cerebellar 
lnsP)-R  exists  as  a  non-covalently  coupled  homotetramer  of  Al,  320,000  subunits 

Deletion  analysis  suggested  that  formation  of  the  tetrameric  InsPi-R  complex  in¬ 
volves  the  transmembrane  Oomains  and/or  successive  C-termini  and  that  InsPi  binding 
is  Independent  of  the  Intermolecular  conformation.’ 


InsP,  RECEPTOR  AS  A  CHANNEL 

InsP,  Receptor  in  Reconstituted  Lipid  Lavers 


Purified  rat  InsPi-R  reconstituted  into  lipid  vesicles  mediates  *'Ca’ '  flux  *  Purified 
mouse  lnsP,-R  in  planar  lipid  bilayers  showed  InsP, -induced  cation  selective  channel 
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FIGURE  2.  Immunogdli)  staining  ot  the  Insp.-R  in  the  tu?vv  struetures  assoeiaieii  sviih  the  cs  to- 
plasmic  surtaee  of  the  smooth  ve-sieotuhular  structures  I  hese  are  presuinahly  lierned  from  the 
ilendritie  spine  apparatus  M  mitochondrion.  coated  eesicule  Scale  liar  (>  2  (jm 


activity  (C'a''  conductance,  26  pS  in  .^4  mM  Ca'' ;  Na'  conductance,  21  pS  in  100- 
500  mM  a.symmetric  Na'  solutions)  showing  several  suhconductance  states  (Fig.  .1) 
Addition  of  A  FP  in  the  presence  of  InsP,  generated  large  conductance  currents,  proba¬ 
bly  resulting  from  a  change  m  the  full  open  conductance  level  or  a  shift  to  a  greater 
conductance  state  Fhe  same  high  conductance  level  was  occasionallv  obsersed  even 
in  the  absence  of  A  I  P  It  is  likely  that  A1  P  modifies  the  channel  to  .illow  it  to  reach 
a  state  of  greater  conductance.  Scatchard  analyse  >f  la-'PjA  1  P  binding  to  the  lnsP;-R 
purified  from  mouse  cerebellum  indicated  that  ti  re  is  a  single  A  I  P-ltinding  site  with 
a  K.\  value  of  1  7  pM  and  a  B„,j,  of  2.3  pmol/pg  of  protein  Scatchard  analvsis  of 
binding  of  tritiated  InsPi  to  the  purified  receptor  gave  a  value  of  2.1  pmol/pg 
of  protein  “  Three  nucleotide-binding  consensus  sequences  ((ilv-.X-Cllv-.X-.X-Cilv)  are 
found  in  the  N-terminal  cytoplasmic  domain  of  the  mouse  lnsP;-R  but  actual  site  has 
not  been  determined  '  Fhe  binding  was  -.elective  for  adenine  nucleotides  and  the 
affinity  is  in  the  order  A  FP  >  ADP  »  AMP.'''  100  pM  .A.MP-P(T,  a  non- 
hydrolyzable  analogue  of  A  FP,  increased  the  open  probability  of  the  InsPi-gated 
channels  of  the  aortic  sarcoplasmic  reticulum  t ,  ofold."'  Fhe  receptors  from  cerebellum 
and  smooth  muscle  are  regulated  similarly  by  adenine  nucleotides  In  the  liposome 
system,  A  FP  stimulated  Ga’'  flux  from  lipid  vesicles  containing  cerebellar  InsP-R  in 
a  concentration-dependent  manner  A  I  P  increased  InsP.  induced  (!a  flux  at  1-10 
pM,  but  the  effect  diminished  between  0. 1  and  I  ()  mM. I  loss  eser,  in  the  reconstitu¬ 
ted  InsPi-R  into  planar  lipid  bilayers  the  channel  opening  was  most  elfectiveh  stimu¬ 
lated  at  0  6  mM  AFP.’''  incicased  at  I -10  pM  ATP,  but  decreased  at  0  1-  1  m.M 
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FIGURE  5.  Recordings  of  single-channel  currents  mediated  by  the  purified  InsPi-R  incorporated 
into  planar  lipid  bilayers  “  (A)  Ca’"  currents  were  recorded  after  the  addition  of  2  pg  of  the  InsPi-R 
to  one  chamber  termed  cis,  containing  125  mM  Tris.  250  mM  HEPES  (pH  7  4)  and  0  I  pM  free 
Ca^'.  The  other  chamber,  designated  trans,  contained  55  mM  Ca(OH)j  and  250  mM  HEPES  (pH 
7  4)  (a)  No  fluctuation  In  current  was  observed  before  the  addition  of  InsP.  (b)  Channel  opening 
was  observed  after  addition  of  4.8  pM  InsP.  to  the  cis  chamber  (B)  Na’  currents  mediated  by  the 
InsPi-R  were  recorded  by  asymmetric  NaCl  solutions.  The  cis  chamber  contained  0  1  M  NaC.l.  0  1 
pM  free  Ca'",  and  5  mM  Tris-HEPES  (pH  7  4)  Recordings  arc  (a)  before  and  (b)  after  addition 
of  4  8  pM  InsPi  to  the  cis  chamber.  Vertical  calibration:  0  5  pA.  horirontal  calibration  5  sec  Arrow  s 
to  the  left  indicate  the  closed  state 
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ATP.'”  The  discrepancy  may  be  due  to  the  difference  in  the  composition  of  lipids  or 
buffer  Ca'*  inhibits  InsP,  binding  to  microsomal  fractions  of  the  cerebellum,  but 
sensitivity  to  Ca^  *  is  lost  in  the  purified  receptor,  suggesting  some  regulatory  molecules 
present  in  microsomal  fractions.'"  Calmodulin  antagonists  W7,  WH,  and  CGS- 
9  J43 1 3  inhibited  InsPpinduced  Ca^*  mobilization  in  rat  liver  epithelial  cells."  It  was 
found  that  InsPpR  binds  to  calmodulin  in  the  presence  of  Ca^’,  but  the  addition  of 
calmodulin  did  not  affect  InsPj  binding  to  the  cerebellar  InsPj-R."  Various  regulatory 
elements  of  the  InsPrR  are  schematically  summarized  in  Figure  4. 


Expressed  InsP)  Receptor  in  Fibroblast  Cell  Has  Ca^*  Releasing  Activity 

We  transfected  neuroblastoma/^ioma  hybrid  cell  line  NGI08-15  and  fibroblast 
L  cell  with  InsPj-R  cDNA  with  a  3-actin  promoter  at  the  5'  end  to  examine  whether 
the  clone  encodes  an  InsPj-binding  sequence  and  a  Ca^*  release  channel  ’  "  The  cells 
contain  an  endogenous  protein  immunoreactive  against  the  three  mAbs.  The  M,  of 
the  endogenous  InsPi-R  was  smaller  than  that  of  the  receptor  from  mouse  cerebeUum 
(type  I  InsPj-R).  The  protein  expression  of  the  type  I  InsPj-R  derived  from  the  cDNA 
is  apparently  coupled  with  the  elevation  of  InsP  (-binding  activity.  The  expressed  protein 


FIGURE  4.  Interactions  of  the  InsP.-R  (shaded)  with  enzymes  of  other  cell-signaling  systems  IP, 
inositol  1 ,4,f-trisphosphate 
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displayed  high  affinity  and  specificity  for  InsPt  and  a  high  binding  capacity  as  docs 
the  InsPrR  in  cerebellar  microsomes.'’ 

The  stable  transformants  that  express  the  type  I  InsPj-R  have  been  established  in 
an  L-fibroblast  cell  line  (Fig.  5).  Direct  evidence  for  Ca'*  releasing  activity  of  the 
receptor  was  demonstrated  by  type  I  receptor  expressed  in  natural  membranes  of 
non-neuronal  cells.  InsPj  releases  only  a  fraction  of  the  Ca'*  within  cells,  suggesting 
that  only  some  of  the  Ca^*  pools  are  sensitive  to  InsPi.  It  is  believed  that  InsP  (-sensitive 
pools  possess  InsPj-R-  Ca’*  ion  release  experiments  revealed  that  the  InsP  (-sensitive 
Ca^*  pools  in  L-fibroblast  transformant  are  larger  in  size  than  those  in  non-transfected 
cells  (Fig.  6).  The  expression  of  type  1  receptor  in  L-fibroblast  may  cause  some  InsP(- 
insensitive  Ca^*  pools  in  L-fibrohlasts  to  be  converted  into  InsP(-sensitive  Ca’*  pool 
in  the  transfeaed  cells.  The  increase  in  maximal  Ca^*  release  suggests  that  the  cDNA- 
derived  InsPj-R  are  distributed  not  only  into  lnsP[-sensitive  pools,  but  also  into  InsP(- 
insensitive  pools  in  transfected  cells.  The  ECjo  value  for  lnsP(-induced  Ca^'  release 
in  the  transfected  cells  is  about  1 0-fold  lower  than  that  in  the  non-transfected  cells. 
The  greater  sensitivity  of  the  transformant  may  be  a  result  of  several  factors.  First, 
the  measured  ECso  value  is  not  necessarily  a  reflection  of  the  actual  Kn,  value  for 
lnsP{-induced  Ca^*  release.  It  probably  results  from  the  greatly  increased  number  of 
InsP(-R.  Second,  cDNA-derived  InsPj-R  may  differ  from  endogenous  L-fibroblast 
receptors  in  the  relative  effectiveness  of  coupling  between  receptor  occupancy  and 
channel  opening.  Third,  the  increased  sensitivity  may  be  due  to  a  considerably  decreased 
relative  effectiveness  of  proteins  that  normally  control  the  activity  of  the  receptor, 
such  as  protein  kinase  A.’^ 


LOCALIZATION  OF  THE  InsP,  RECEPTOR  IN  THE  CENTRAL 
NERVOUS  SYSTEM  AND  PERIPHERAL  TISSUES 

Both  immunohistochemistry  (Fig.  7)  and  in  situ  hybridization  showed  that  the 
InsP(-R  is  mostly  localized  in  cerebellar  cortex  in  which  Purkinje  cells  are  predominant 


FIGURE  S.  InsP[-R  expressed  after  transfection  of  InsPi-R  cDNA  into  L-fibroblasts.'’  The  figure 
shows  immunohistochemical  staining  of  the  receptor  on  L-fibroblasts  (using  anti-Pwe.  monoclonal 
antibody  4C11,  visualized  with  fluorescein  isothiocyanate-labeled  goat  anti-rabbit  IgG)  (A)  before 
and  (B)  after  transfection.  (C)  A  confocal  section  of  a  single  transfected  cell  strongly  fluorescently 
labeled.  Original  magnifications  A:  x210,  B:  x250,  C:  x  100 
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Ins  (I.  4,  5)  P3 

FIGURE  6.  Dose-response  curves  for  InsPi-R-induced  Ca'*  release  from  membrane  fractions  of 
InsP|-R  L-fibroblast  cells  expressing  the  InsPi-R  (closed  circles)  and  from  fibroblasts  in  which  the 
expression  veaor  alone  had  been  transfected  (open  circles).’’  Results  are  shown  as  %  of  the  Ca’’ 
content  before  addition  of  InsP.  and  are  mean  values  ±SD  from  six  assays  The  membrane  fractions 
were  incubated  in  medium  containing ^'Ca'*  and  EGTA  was  added  to  buffer  free  Ca’’  to  200-400 
nM.  Ca’  ■  uptake  was  initiated  by  addition  of  ATP  (f  mM)  and  an  ATP-regenerating  system  (creatine 
phosphate  and  creatine  kinase).  After  17  min  incubation  at  30°C,  InsPi  was  added  Samples  were 
filtrated  at  16  min  and  17  min  40  sec,  and  the  amount  of  the  ‘’Ca’’  bound  to  filters  was  assayed 
by  liquid  scintillation  counting.  A  slight  difference  m  Ca’’ -pumping  aaivity  was  detected  between 
the  two  cell  types.  In  each  experiment,  the  level  of  "'Ca''  accumulated  after  1 7  min  in  the  membrane 
fractions  from  cells  expressing  the  receptor  was  about  85%  of  that  in  the  fractions  from  cells  containing 
only  the  expression  vector. 


sites.”’”  InsPj-R  was  widely  localized  throughout  brain  — cerebral  cortex,  nucleus 
accumbens  septi,  anterior  olfactory  nucleus,  caudate-putamen,  cerebellar  nuclei,  and 
in  relatively  lower  concentrations  in  the  amygdaloid  cortex,  prepiriform  cortex,  dentate 
gyrus,  olfactory  tubercle,  precommissural  hippocampus,  hypothalamus,  substantia  ni¬ 
gra  and  pons.”  These  localizations  agree  well  with  the  sites  for  [*H]lnsPi  binding.” 
InsP)-R  mRNA  and  proteins  were  also  located  in  preripheraJ  tissue  such  as  thymus, 
heart,  lung,  liver,  spleen,  kidney,  uterus,  oviduct,  and  testis.”  ”  In  lung  sections, 
bronchioles  and  arteries  were  labeled.  TTiese  results  may  relate  to  recent  finding  that 
endothelin  released  from  endothelial  cells  and  also  from  renal  and  tracheal  epithelial 
cells  acts  as  a  potent  vasoconstrictor  and  bronchoconstrictor  by  stimulating  the  PI 
turnover  system.”  Strong  signals  were  observed  in  the  smooth  muscle  cell  of  oviduct 
and  uterus:  the  tunica  muscularis  of  the  oviduct,  and  myometrium  of  the  uterus." 
InsPi-induced  Ca’ '  release  has  been  shown  to  play  an  important  role  in  muscle  contrac¬ 
tion.”  Our  finding  that  the  InsPi  receptors  are  plentiful  in  smooth  muscle  mav 
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suggest  a  function  of  Ca’*  suppliers  for  the  activation  of  smooth  muscle  contraction. 
Large  amounts  of  InsPi-R  mlWA  were  observed  in  the  secondary  oocytes  within  the 
Graafian  follicles.” 

SubceUular  localization  of  the  InsPj-R  in  mouse  cerebellar  Purkinje  cells  was  studied 
by  immunogold  technique  with  the  mAbs.”  The  InsPrR  was  localized  on  the  smooth 
endoplasmic  reticulum  (ER)  (especially  on  the  stacks  of  flattened  smooth  ER,  subsurface 
cisterns,  and  spine  apparatus,  and  less  so  on  the  rough  ER  and  the  outer  nuclear 
membrane).  Receptors  could  not  be  localized  on  the  plasmalemma,  synaptic  densities, 
mitochondria,  or  Golgi  apparatus.  However,  recently  InsPj-R  like  immunoreactivity 
was  found  on  the  surface  membrane.” 


LOCALIZATION  OF  InsP,  RECEPTOR-LIKE  PROTEIN  IN 
PLASMALEMMAL  CAVEOLAE 

Immunolocalization  study  has  been  successful  in  the  case  of  the  Purkinje  cell  where 
P400  is  concentrated  in  an  extraordinary  degree.”  ”  Judging  from  the  intercellular 
differences  concerning  the  physiological  role  of  Ca^  * ,  it  is  plausible  that  cells  in  other 
tissues,  especially  non-excitable  cells,  may  show  a  totally  different  distribution  of  InsPi- 
Rs.  We  found  that  the  immunocytochemical  labeling  with  a  mAb  raised  to  Pj,!,, 
(mAb4C  1 1)  was  localized  in  the  plasma  membrane  of  the  endothelium,  smooth  muscle 
cell,  and  keratinocyte.”  Surface  biotinylation  experiments  showed  that  the  antibody 
recognizes  the  plasmaiemmal  protein  of  240  kD.  Another  monoclonal  anti-P4,K)  anti¬ 
body  (mAblSAlO)  did  not  show  positive  labeling  in  the  cytochemical  experiment, 
but  in  the  surface  biotinylation  experiments  it  also  bound  to  the  240  kD  protein  on 
the  cell  surface.  The  third  anti-P4oo  antibody  (mAb  10A6)  did  not  label  the  plasma 
membrane  nor  recognize  the  cell  surface  protein  in  immunochemistry,”  Because  the 
all  three  mAbs  recognize  the  type  I  InsPrR,  the  plasmaiemmal  240  kD  protein  is 
possibly  a  product  of  a  distinct  gene  from  the  type  I  InsP,-R,  but  the  240  kD  protein 
is  likely  to  show  structural  homology  to  InsPrR.  The  presence  of  the  type  I  InsPrR 
in  the  plasma  membrane  has  been  thought  unlikely  since  proteins  localized  in  both 
ER  and  the  plasmalemma  have  not  been  known.  However,  type  II  or  III  InsPrR  or 
other  yet  discovered  types  of  InsPrR  may  contain  different  sorting  signals  from  the 
type  I  InsPrR  and  be  targeted  to  the  plasma  membrane.  Our  immunolabeling  study 
with  mAb4C  1 1  also  showed  that  the  endothelial  ER  and  the  smooth  muscle  sarcoplas¬ 
mic  reticulum  (SR)  are  different  in  reaaivity;  the  former  was  not  labeled  positively 
while  the  latter  was  decorated  by  the  antibody.”  The  result  indicates  that  InsPi-R 
responsible  for  the  intracellular  discharge  of  Ca^*  may  be  diversified  in  various  cell 
types. 

It  is  interesting  to  note  that  the  240  kD  protein  was  localized  exclusively  in  the 
caveola  and  not  distributed  in  the  entire  plasma  membrane.  f-Methyltetrahydrofolic 
acid  (the  folate  receptor),'*”  caveolin  (a  v-src  tyrosine  kinase  substrate),*'  and  the  240-kD 
protein  are  reported  to  be  localized  to  the  caveola  in  normal  cells.  Although  the 
f^unaion  of  the  240  kD  protein  is  not  known  at  present,  the  localization  of  an  InsPrR- 
like  protein  in  the  caveola  is  consistent  with  the  hyprothesis  that  the  plasmaiemmal 
differentiation  is  involved  in  regulation  of  cytosolic  Ca'*  concentration.  As  indicated 
from  morphological  studies,  the  caveola  is  closely  associated  with  ER  in  the  endothelium 
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and  SR  in  the  smooth  muscle,  and  thus  may  be  related  to  the  Ca’ '  storage  function 
of  the  latter  organelles.  It  is  essential  to  elucidate  the  function  of  the  240  kD  protein.'" 


HETEROGENEITY  OF  InsP,  RECEPTOR 

Heterogeneity  due  to  alternative  splicing  was  found  in  the  rat,’'^’  human,’’  and 
mouse’*  InsPj-R.  One  alternative  splicing  in  the  InsP,  binding  site  is  a  45-nucleotide 
sequence  coding  for  1  5  amino  acids  (named  SI)  (Fig.  S).’*  In  the  mou.se  brain,  a  relative 
quantity  of  an  mRNA  containing  the  SI  is  high  in  the  cerebral  cortex  (88%)  and 
hippocampus  (69%),  whereas  an  mRNA  lacking  the  SI  is  dominant  in  the  cerebellum 
(85%)  and  spinal  cord  (75%).  The  InsPrR  containing  the  SI  domain  (InsPi-RSI)  shows 
a  peak  at  PI 2  and  the  InsP,R  lacking  the  SI  domain  (lnsP,-RSI  )  develops  later  than 
InsP,-RSI  but  gradually  increases  to  adult  stage.  The  change  of  splicing  pattern  in  the 
InsP,  binding  region  may  be  involved  in  the  development  and  neuronal  function  of 
the  cerebellar  Purkinje  cells,  probably  by  changing  the  binding  affinity  of  the  receptor 
for  InsP,.  In  peripheral  tissues,  the  ratio  of  InsPi-RSI  and  InsP, -RSI  forms  differs 
from  tissue  to  tissue.’* 

Another  alternatively  splicing  segment  (SlI)  is  a  120  nucleotide  sequence  (40  amino 
acids)  between  two  PKA  phosphorylation  sites  (Fig.  8).’’’'  Within  the  SII  segment, 
there  exist  three  more  subsegitients.  A,  B,  and  C  coding  for  23,  1,  and  16  amino 
acids,  respectively.  We  detected  the  followingfour  splicing  variants,  i.e.,  Sll  (A  +  B  +  C. 
40  amino  acids),  SUB  (A-i-C,  39  amino  acids),  SllBC  (A,  2  3  amino  acids),  and 
SIIABC'  (complete  deletion  of  A,  B,  and  C,  40  amino  acid  deletion).  In  the  mouse 


i.- )  ,  I-  ; 

InsPSRSI  r-a'V:  AA,^DPDFEEECLEFQP^'u;  nv!'.\S'i, 

lnsP3RSI-  i.Ash, 

/  SI...- 

/'  Transmembrane  region 

NH2  ■  '■  ■  —  —  -  .p^p— — J— — COOH 

Sll  \ 

A  B  C 

lnsP3RSII  ;i  .LKbisiDESEWXELPQAPE»EWSTElgteLEP.SPPI.RQl.Knlim4  : 

, _ A  C 

InSPSRSIIB-  .  r  I  FjBISI  DESEWXEI.PQXPEXENST^  ^LEPEPPl.RQl.RDHIU^ . 

, _ A 

InSPSRSIIBC-  '  .IkIQI  SIPr.SEWRELPQRPEREWSTq  ' 

lnsP3RSIIABC-  , 

FIGURE  8.  Heterogeneity  of  InsPi-R  produced  from  RNA  splicing  of  the  SI  and  Sll  regions/"  SI 
is  localized  near  the  InsP,-binding  site  Sll  is  located  at  the  center  of  two  phosphorslation  sites, 
indicated  by  P 
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central  nervous  system,  the  SUB’  subtype  is  predominant  (50-54%)  and  the  SIIABC 
is  present  at  lower  levels.  The  SIIABC'  is  a  predominant  splicing  subtype  in  spinal 
cord  (54%).  In  the  peripheral  tissues,  we  detected  only  SIIABC'  subtype  mRNA. 
Thus,  the  SlI,  SIIB  ,  and  SIIBC  subtypes  are  brain  specific.^' 

As  mentioned  above,  the  SII  segment  is  located  between  the  two  PKA  phosphoryla¬ 
tion  sites.  Because  the  PKA  phosphorylation  regulates  the  Ca’’  releasing  activity,  the 
splicing  at  the  SII  segment  will  play  an  important  role  for  the  regulation  of  the  function 
of  InsPrR.^’  A  schematic  model  of  the  InsPrR  is  shown  in  Figure  9, 


InsP,  RECEPTOR  IN  DROSOPHILA  MELANOGASTER 

In  insects,  InsPj  is  thought  to  act  as  a  second  messenger  in  the  sensory  signal 
transduction  of  vision  and  olfaction.  It  is  well  established  that  cGMP  and  cGMP- 
dependent  phosphodiesterase  function  in  vertebrate  visual  transduction. The  trans¬ 
duction  reaction  cascade  in  the  fly  retina  is  thought  to  consist  of  the  following  successive 
events:  excitation  of  the  photoreceptor  rhodopsin  by  light  stimuli,  activation  of  a  G 
protein,  and  subsequent  activation  of  phospholipase  C,  resulting  in  the  production 
of  InsPi.^'  lnsP(-induced  Ca’*  release  appears  to  lead  to  depolarization  of  the  photore¬ 
ceptor  cells. In  vertebrate  olfactory  transduction,  cAMP  is  a  potential  intracellular 
messenger  that  opens  the  cAMP-gated  ion  channel  involved  in  depolarization  of  olfac¬ 
tory  receptor  cells.'*’  *"  Adenylate  cyclase  concentrations  in  antennae  from  the  cock¬ 
roach  were  very  low.  The  cockroach  pheromone,  periplanone  B,  stimulated  PLC. 
resulting  in  accumulation  of  InsPi  in  the  antennae.'”  It  is  thus  likely  that  InsPs  is 
also  involved  in  olfactory  transduction  in  insects.  Wc  isolated  a  InsP.  cDNA  clone  from 
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FIGURE  9.  Schematic  model  of  InsP, -R  showing  transmemhrane  topology.  One  half  of  the  homotet- 
rameric  structure  is  depicted  RNA  splicing  sites  are  shaped  Both  N-  and  C-terminals  arc  on  the 
cytoplasmic  side.  Number  of  transmembrane  sites  is  six.  P:  phosphorylation  sites,  ATP:  ATP-binding 
sites. 
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Drosophila  melanogaster.^'  The  polypeptide  encoded  by  the  cDNA  was  functionally 
expressed  and  showed  characteristic  InsP rbinding activity.  It  was  expressed  throughout 
development  but  predominantly  in  the  adult.  Localization  of  the  InsPrR  mRNA  in 
adult  tissues  su^ests  strong  expression  in  the  retina  and  antennae,  indicating  the 
involvement  of  the  InsPj-R  in  visual  and  olfactory  transduction.  In  addition,  the 
InsPj-R  mRNA  is  abundant  in  the  legs  and  thorax,  which  are  primarily  muscular 
system  sites.  Such  localization  is  consistent  with  the  quantitatively  predominant  sites 
for  PHJInsPi  binding  in  Drosophila  and  the  fleshfly  (Boettcherisca  peregrina)." 


ROLE  OF  InsP,  RECEPTOR  ON  SIGNALING 
AND  EGG  ACTIVATION 

Contribution  of  InsP >  Receptor  to  the  Mechanism  of  Ca^*  Wave 
and  Ca’*  Oscillation 

The  concentration  of  cytoplasmic  free  Ca^*  increases  in  various  stimulated  cells 
in  a  wave  (Ca^ wave)  and  in  periodic  transients  (Ca^*  oscillations).'’  These  phenomena 
are  explained  by  InsP, -induced  Ca^*  release  (IICR)  and  Ca’*-induced  Ca^'  release 
(CICR)  from  separate  intraceUular  stores.”  However,  detailed  and  decisive  evidence 
is  lacking.  A  dramatic,  transient  increase  in  the  intracellular  Ca*'  concentration  occurs 
at  fertilization  in  the  eggs  as  a  Ca’  *  wave.  Ca^  *  transient  is  due  to  release  of  intracellular 
Ca^*  and  is  required  for  exocytosis  of  cortical  granules  to  prevent  polyspermy  and 
for  cell  cycle  progression.”"  Fertilized  hamster  eggs  exhibit  repetitive  Ca’  *  transients. 
IICR  is  su^ested  to  occur  in  fertilized  e^  of  the  sea  urchin,  frog,  and  hamster  and 
CICR  has  been  detected  in  sea  urchin  e^  but  it  has  been  difficult  to  obtain  direct 
evidence  for  operation  of  IICR  or  CICR  after  eliminating  IICR  in  functioning  cells 
under  physiological  conditions  since  specific  blocker  were  not  available.  IICR  and 
CICR  are  mediated  by  the  InsP,-R  and  ryanodine  receptor,  respectively.’  Among  the 
three  monoclonal  antibodies  we  raised,  18A10  mAb,  which  recognizes  an  epitope 
close  to  the  proposed  Ca'*  channel  region  in  the  COOH  terminus  of  the  receptor 
protein,  inhibits  IICR  in  mouse  cerebellar  microsomes.  The  mAbs  4Cl  I  and  10A6, 
which  recognize  the  NH2  terminal  and  middle  regions,  respectively,  block  neither 
InsP,  binding  nor  Ca'*  release  in  microsomes.”  We  tested  whether  18A10  could 
block  Ca'*  release  induced  by  injection  of  InsPi  or  by  sperm  in  hamster  eggs.  18A10 
antibody  completely  blocked  sperm-induced  Ca'*  waves  and  Ca'*  oscillations  (Fig. 
10).'*  The  results  indicate  that  Ca'*  release  in  fertilized  hamster  eggs  is  mediated  solely 
by  the  InsP,-R.  Together  with  the  evidence  that  the  injection  of  18A10  mAb  in  eggs 
also  suppressed  both  Ca'*-induced  Ca'  ‘  wave  and  Ca'*  oscillation,  it  is  indicated  that 
Ca'*  release  in  fertilized  hamster  eggs  is  mediated  not  by  CICR  but  solelv  bv  the 
InsP,-R  and  Ca'* -sensitized  IICR. 


InsPf  Receptor  and  Egg  Activation 


There  is  evidence  that  activation  of  Xenopus  eggs  is  mediated  by  Ca'  *  release  through 
activation  of  a  putative  receptor  of  InsP,  on  the  ER, however  little  is  known 
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FIGURE  10.  Pseudo-colored  Ca’ ■  images  from  the  rising  pha.se  of  Ca’ '  transients (a  and  b)  IICR 
in  the  presence  of  4Cl  1  or  ISA  10  with  injec-tion  pulse  of  InsPi  indicated,  (c  to  f)  The  first  rise  in 
(Ca’’'|  in  fertilized  eggs  treated  with  MAb  Sperm  were  drawn  on  the  computer  display.  Each  image 
is  a  combination  of  Fmi/'f  i«„  images  accumulated  during  O  S  see  inten  als  cvere  2  sec  in  (a  to  d).  4 
sec  in  (e),  and  8  sec  in  (f) 


about  the  role  of  InsPi-R  in  the  egg  activation.  We  cloned  the  InsPi-R  expressed  in 
Xenopus  oocytes  and  eggs.*'  Primary  structure  analysis  indicated  that  the  cloned  cDNA 
encodes  an  InsPrdependent  Ca‘‘  channel.  Injection  of  a  sequence-specific  antisense 
oligonucleotide  of  the  InsPt-R  blocked  InsPi-responsive  egg  activation  (cortical  contrac¬ 
tion),  as  well  as  expression  of  the  InsP,-R  (Fig.  1 1).''’  Immunocytochemical  staining 
with  an  antibody  against  the  InsPrR  fusion  protein  revealed  polarized  distribution 
of  the  receptor  in  the  cytoplasm  of  the  animal  hemisphere  in  a  w'ell-organized  ER-like 
structure  and  intensive  localization  in  the  perinuclear  region  of  stage  VI  immature 
oocytes.  Dramatic  redistribution  of  the  InsPi-R  took  place  during  meiotic  maturation 
with  relevance  to  the  reorganizations  of  organelles.  lnsP<-R  was  densely  localized  in 
the  cytoplasm  of  the  animal  hemisphere  and  cortical  region  of  both  hemispheres  in 
ovulated  unfenilizedeggs.  After  fertilization,  InsPi-R  changed  its  distribution  drastically 
in  the  cortical  region.  These  results  imply  the  predominant  role  of  the  In.sP,-R  in  both 
the  formation  and  propagation  of  Ca^‘  waves  and  activation  of  egg  at  fertilization.''' 
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FIGURE  1 1.  Effects  of  antisense  oligonucleotide  injection  upon  InsPi-responsive  egg  actuation  '' 
(A)  Scheme  to  show  InsPi  injection  results  in  conical  contraction  (B)  (a)  Before  InsPi  injection  (h) 
Cortical  contraction  occurs  after  InsPi  injection,  (c)  InsPi  induced  cortical  contraction  is  inhibited 
in  the  presence  of  antisense  nucleotides,  while  it  occurs  in  the  presence  of  sense  nucleotides  (C) 
Antisense  blocks  InsPi-responsive  egg  activation  (cortical  contraction).  Antisense  oligonucleotide  com¬ 
plementary  to  the  30  nucleotide  sequences  of  the  5'  flanking  and  translation  start  site  (141-170. 
5'-AACTAGACATCTTGTCTGACATTGCrrGCA(j-3')  or  the  corresponding  ,sen.se  oligonucleo¬ 
tide  (5'-CTGCAGCAATGTCAGACAAGATGTCTAGTT-3')  was  microinjccted  into  tully  grown 
stage  VI  oocytes  Injected  oocytes  meiotically  matured  with  .3  Hg/ml  progesterone  were  assayed 
for  InsPi-responsive  cortical  contraction.  The  percentage  of  eggs  undergoing  cortical  contraction  upon 
InsPi  injection  is  shown  Control  eggs  that  received  a  microinjcction  of  buffer  0  1  mM  UEPES  (pH 
7.8).  10  pM  EGTA  showed  4  7%  (2  of  43)  activation. 
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INTRODUCTION 

In  response  to  an  external  stimulus  mast  cell  granules  fuse  with  the  plasma  mem¬ 
brane  and  release  substances  like  histamine,  serotonin,  and  heparin,  which  can  lead 
to  different  hypersensitivity  reactions  such  as  asthma  and  allergies. '  In  basophils  and 
mast  cells,  secretion  can  be  induced  by  oligomerization  of  specific  IgE  receptor  by  the 
corresponding  antigen.  Other  physiological  stimuli  include  substance  P  and  tachykinins; 
mast  cells  are  often  clustered  around  neuropeptide-secreting  nerve  endings.  Secretion 
can  also  be  induced  by  non-physiological  agents  such  as  compound  48/80  or  masto- 
paran,  which  are  thought  to  bypass  the  receptor  level  and  directly  activate  membrane 
G  proteins.’  The  degranulation  mediated  by  IgE  has  been  reported  not  to  require 
opening  of  ion  channels,'  but  nevertheless,  there  is  evidence  that  antigenic  stimuli 
require  extracellular  calcium'  ^  and  ion  channels  may  be  involved  in  stimulus-secretion 
coupling  in  mast  cells.'"" 

Calcium  plays  an  important  role  in  the  stimulu.s-secretion  coupling  of  neurons, 
exocrine  and  endocrine  cells,  and  also  in  cells  of  the  immune  system  (Tanges  in  the 
intracellular  calcium  concentration,  [Ca’ '  j„  in  response  to  receptor  stimulation  usually 
show  a  biphasic  behavior:  an  initial  Ca’*  spike  followed  by  a  sustained  plateau  phase. 
The  former  is  mainly  caused  by  release  of  Ca’ "  from  internal  stores  in  response  to 
inositol  1 ,4,5-trisphosphate  production  (InsPi),  the  latter  is  mainly  due  to  Ca' "  entry 
across  the  plasma  membrane.  In  mast  cells,  |Ca’  |,  is  believed  to  have  at  least  a  modula¬ 
tory  effect  on  the  signal  transduction  cascade  that  leads  to  secretion.  It  was  shown 
that  the  transient  increase  in  lCa’‘|,  is  neither  sufficient'’''  nor  necessary'’  "  to  trigger 
exocytosis.  However,  a  sustained  increase  in  the  basal  calcium  concentration  enhances 
the  rate  of  secretion  when  combined  with  an  additional  stimulus  Recent  studies 
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have  revealed  the  mechanisms  underlying  calcium  influx  in  mast  cells.  Similar  mecha¬ 
nisms  designed  to  maintain  elevated  plateaus  of  (Ca’*],  might  also  be  expressed  in 
other  cell  types. 

In  mast  cells  and  many  other  non-excitable  cells,  there  appear  to  exist  two  main 
pathways  for  Ca’*  influx.  One  mechanism,  known  as  “capacitative"  Ca^'  entry."’  is 
linked  to  the  filling  state  of  Ca’*  stores  and,  upon  depletion  of  cellular  Ca*'  pools, 
results  in  activation  of  a  highly  Ca^ ' -selective  current  (Uicw  =  Calcium  Release- 
Activated  Calcium  current). Another  mechanism  is  provided  by  nonspecific  cation 
channels,  which  may  be  classified  as  receptor-  or  second  messenger-activated  channels. '  ^ 
Both  Ca’*  influx  mechanisms  appear  to  be  voltage-independent  and  would  provide 
larger  Ca’*  entry  at  hyperpolarizing  membrane  potentials.  Hyperpolarization  of  the 
cells  could  be  mediated  by  potassium  or  chloride  channels,  both  of  which  are  also 
found  in  mast  cells.'  Furthermore,  these  channels  might  also  be  involved  in  the 
degranulation  process  in  a  more  direct  way.  as  indicated  by  biochemical  studies.  * 

CALCIUM  RELEASE-ACTIVATED  CALCIUM  CURRENT 

In  rat  peritoneal  mast  cells,  depletion  of  internal  Ca’*  stores  activates  a  Ca’" 
current."  This  calcium  release-activated  calcium  current  (IcR,^c:)  can  be  activated  by 
at  lea,st  three  different  experimental  procedures  that  all  result  in  store  depletion  (InsPi, 
ionomycin,  Ca’  *  chelators).  Since  these  procedures  share  no  apparent  common  mecha¬ 
nism,  except  for  depleting  Ca^*  stores,  it  seems  unlikely  that  they  involve  a  direct 
gating  of  the  current  by  inositol  phosphates  or  the  released  Ca' " .  This  contrasts  with 
previous  findings  in  Jurkat  cells^’  and  recent  work  in  lobster  olfactory  receptor  neurons'^ 
where  InsPi  appears  to  activate  Ca^"  permeable  channels  directly. 

IcR-st  is  a  very  seleaive  Ca’*  influx  pathway  with  a  permeability  ratio  Pu;-/Pm- 
(Ptiiuum/Pmim.,.ai<tiiJ  similar  to  that  of  voltage-operated  Ca’"  channels.'*  Since  1<ra<  is 
activated  by  depletion  of  Ca^*  stores  and  since  it  is  highly  selective  for  Ca’"  over 
monovalents,  it  is  very  likely  that  Iocac  is  the  long-sought  after  Ca’"  current  that  is 
responsible  for  “capacitative"  Ca’*  entry,  which  had  been  postulated  to  exist  in  a 
variety  of  nonexcitable  cells.  In  fact,  Urac  appears  to  be  widely  distributed,  being 
found  in  almost  all  non-excitable  cells  that  we  have  tested  so  far  (Fic.  I),  including 
rat  peritoneal  ma.st  cells,  RBL-2H?  (rat  ba.sophilic  leukemia  cells,  a  mucosal  mast  cell 
line),  hepatocytes,  dissociated  thyrocytes,  Swiss  fibroblasts,  and  HL-60  cells  (a 
human  leukemia  cell  line).  Recent  evidence  suggests  that  a  current  with  almost  Identical 
properties  as  L  ra(  is  also  present  in  MDCK  cells  (an  epithelial  cell  line  from  kidney),  ' 
in  Jurkat  cells^''  (A  /weifach  and  R.  S.  Lewis,  personal  communication),  and  in  A4?  1 
cells  (A.  Liickhoff  and  D.  Clapham,  personal  communication).  Interestingly,  the  latter 
two  happen  to  be  cells  in  which  a  direct  gating  of  cation  channels  by  lnsP<  has  also 
been  reported.  Figure  1  depicts  ra(  in  different  cell  types  at  0  mV  (left  panel)  and 
over  the  whole  voltage  range  (right  panel).  In  these  examples,  store  depiction  was 
achieved  by  internal  pcrfu.sion  of  InsP,. 

In  non-excitable  cells,  Ca^'  influx  following  store  depiction  is  often  studied  using 
Mn^*  as  a  Ca''*  tracer,  taking  advantage  of  its  ability  to  permeate  through  Ca’" 
channels  and  to  quench  Fura-2  fluorescence.^'  We  have  recently  found  that  h  ru 
conducts  a  small  hut  measurable  Mn'*  current."’"  In  the  presence  of  intracellular 
BAPTA  ( 1 ,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic  acid),  a  Mn' "  current 
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through  Ic  RAc  was  recorded  in  isotonic  MnCh  (100  mM).  Its  amplitude  is  10%  of 
that  measured  in  a  solution  containing  1 0  mM  Ca^  .  However,  there  was  no  significant 
quench  of  Fura-2  fluorescence  due  to  the  presence  of  intracellular  BAPTA.  A  strong 
quench  of  Fura-2  fluorescence  could  be  measured  after  store  depletion  when  omitting 
intracellular  BAPTA,  so  that  all  the  incoming  Mn^’  is  captured  by  the  fluorescent  dye 
These  findings  further  strengthen  the  hypothesis  that  Iorac  is  a  ubiquitous  mechanism 
whereby  cells  accomplish  Ca^'  influx  to  refill  depleted  calcium  stores.  In  mast  cells, 
IcR,A(:  is  responsible  for  the  largest  pan  of  the  sustained  Ca^ '  plateau  following  receptor 
stimulation.'*’ 


NON-SELECTIVE  CATION  CHANNELS 

In  response  to  receptor  stimulation  (e.g.,  with  compound  48/80)  at  lea.st  two 
different  types  of  non-selective  cation  channels  can  be  activated  in  rat  peritoneal  mast 
cells.  The  first  one  is  a  cation  channel  of  50  pS  unitary  conductance  that  is  responsible 
for  small  whole  cell  currents  (5-50  pA  at  a  holding  potential  of  -40  mV).  Channel 
activation  is  likely  mediated  by  a  G  protein  as  GTPyS  mimicks  and  GDPpS  inhibits 
receptor-mediated  activation  of  these  channels.  Channel  activity  is  subject  to  negative 
feedback  inhibition  through  protein  kinase  C  and  high  (Ca'’'|,.''  Although  activation 
of  50  pS  channels  is  often  associated  with  Ca’*  mobilization  from  intracellular  stores, 
the  50  pS  channel  is  not  directly  activated  by  either  Ca’’  or  InsPi. 

Figure  2  depicts  membrane  currents  measured  in  the  whole  cell  configuration  of 
the  patch-clamp  technique  and  changes  in  ICa’*],  measured  with  the  fluorescent  dye 
Fura-2  during  application  of 48  /  80 .  These  experiments  were  carried  out  in  the  presence 
of  intracellularly  applied  heparin  to  prevent  InsPi-mediated  Ca-'  influx  through  h  r.\(  . 
The  figure  demonstrates  the  relationship  between  the  size  of  the  50  pS  currents  and 
the  resulting  changes  in  [Ca‘’’|,  at  different  external  calcium  concentrations  for  indit  id- 
ual  cells  and  the  mean  relationship.  Although  the  change  in  |Ca’’),  elicited  by  activation 


FIGURE  1.  Aaivation  of  I<  rm  In  different  non-excitaUe  cells  The  left  panel  depicts  the  temporal 
pattern  of  activation  of  an  Inward  current  recorded  at  0  mV  holding  potential  during  perfusion  with 
the  standard  pipette  solution  supplemented  with  InsPi  (Amersham,  iO  pM)  and  the  Ua  '  chelator 
EGTA  (10  mM).  Establishment  of  the  whole  cell  mode  of  the  patch  clamp  technique  is  indicated 
by  the  arrow.  Immediately  after  breaking  the  patch,  voltage  ramps  from  -  100  m\'  to  +  100  m\' 
(duration  50  msec)  were  applied  The  right  panel  shows  these  voltage  ramps  after  activation  of  the 
inward  cum  ■  corrected  by  voltage  ramps  before  aaivation  of  the  inward  current  f  or  details  of 
the  pulse  protocol  see  Hoth  and  Fenner  '  Methods  and  solutions.  For  details  sec  von  zur  .Muhlet 
et  al."  and  Hoth  and  Fenner  '  Patch-clamp  experiments  were  done  in  the  tight-seal  whole-cell 
configuration'*  at  2}-27°C.  in  standard  Ringer’s  solution  containing  (in  mM)  NaCl  140,  KCl  2  8, 
CaCl;  10,  MgCl;  2,  glucose  11,  HEPES-NaOH  10,  pH  7  2.  Sylgard-coated  patch  pipettes  had 
resistances  between  2-5  Mfi  after  filling  with  standard  internal  solution  which  ctmtained  (in  mM) 
K-glutamate  145,  NaCl  8,  MgCbl,  Mg-ATPO.5,  HF.PES-KOH  10,  pH  7.2  Fura-2  pentapotassium 
salt  (Molecular  Probes)  was  regularly  added  to  the  internal  solution  (KX)  pM)  Extracellular  solution 
changes  (in  case  of  the  application  of  compound  48/80)  were  made  by  local  application  from  a 
wide-tipped  micropipette  The  (Ca'''|,  was  monitored  (using  the  fluorescent  dve  Fura-2)  « ith  a  photo¬ 
multiplier-based  system 
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of  50  pS  channels  increased  with  increasing  external  calcium,  the  amount  of  current 
declined  with  increasing  calcium  (Fig,  2,  C).  This  behavior  was  also  observed  in  a 
single  cell  when  alternately  perfused  with  Ca^*-free  and  Ca^* -containing  medium. 
This  effect  of  decreasing  current  amplitude  with  increased  [Ca’  *^]o  arises  from  a  decrease 
in  the  overall  channel  open  probability  accompanied  by  a  minor  reduction  in  the 
slope  conductance. A  further  attenuation  of  cation  currents  is  due  to  the  inhibitory 
effect  of  elevated  [Ca^*)i.’^  Thus,  cation  channels  are  tightly  regulated  by  Ca^*  ions, 
exerting  efficient  negative  feedback  control  on  Ca^*  influx  through  50  pS  cation 
channels. 

In  about  50%  of  the  cells  prolonged  applications  (tens  of  seconds)  of  compound 
48/80  evoke  a  very  large  inward  current,  even  at  resting  or  buffered  |Ca‘  *  j,,  probably 
through  non-selective  cation  channels.^’  The  current  activates  abruptly,  in  bursts,  and 
only  rarely  returns  to  the  prestimulus  level.  The  nature  and  physiological  role  of  this 
current  is  still  unknown;  a  cation  current  this  large  is  expected  to  cause  ceil  death. 
Indeed  alarge  conductance,  characterized  by  weak  cation  selectivity,  has  been  observed 
in  the  presence  of  extracellular  ATP  (ATP*  ).  Low  concentrations  of  ATP  stimulate 
Ca^*  entry  and  exocytosis  while  high  doses  induce  large  pores  responsible  for  cell  lysis 


FIGURE  2.  Relation  among  current  through  50  pS  cation  channels  and  ICa  'I,  (A)  Examples  of 
membrane  current  (upper  traces)  activated  by  application  of  compound  48/80  (5  pg/ml),  and  the 
simultaneously  determined  (Ca*‘|,  (lower  traces)  from  three  different  rat  peritoneal  ma,st  cells  at  the 
indicated  concentrations  of  external  calcium.  The  duration  of  secretagogue  application  is  indicated 
by  the  line  above  the  traces.  Heparin  (low  molecular  weight.  Sigma,  500  pg/ml)  was  present  in  the 
pipette  solution  In  all  three  cells  to  suppress  h  (heparin  prevents  Cia' '  release  from  internal  stores 
through  InsPi  which  is  transiently  produced  after  stimulation  with  compound  48/80).  The  holding 
potential  in  each  case  was  -40  mV.  The  inward  current  elicited  by  compound  48/80  Is  due  to 
aaivation  of  non-specific  cation  channels  (50  pS  channels)  (B)  Examples  of  membrane  current  (upper 
trace)  and  |Ca*‘),  for  a  rat  peritoneal  mast  cell  bathed  in  10  mM  external  Ca’’  Compound  48/80 
was  applied  in  a  0-Ca*'  Ringer’s  solution  at  the  time  indicated  by  the  shaded  regions  The  pipette 
solution  contained  500  pg/ml  heparin,  and  the  holding  potential  was  -40  mV.  (C)  Summarx-  of 
the  average  increase  in  membrane  current  (black  bars)  and  lCa‘'j,  (shaded  bars)  elicited  by  compound 
48/80  at  2,  5,  and  10  mM  external  Ca’’  concentration.  The  vertical  lines  indicate  ±.SEM  (n  = 
16-29).  (A:  From  Fasolato  et  al.'"  Reprinted  with  pcrmi.s,sion  ) 
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and  death.”  Lindau  and  Fernandez’’  have  described  another  non.selcctive  cation  current 
in  rat  peritonea]  mast  cells  with  a  conductance  of  about  30  pS  which,  in  contrast  to 
the  50  pS  channel,  the  large  cation  current,  and  the  ATP-gated  channel,  is  activated 
by  an  increase  in  [Ca^*],.  Janiszewski  et  al.  reported  that  substance  P  activates  large 
transient  currents  in  RBL-2H3  cells,”  reaching  hundreds  of  pA,  with  some  cation 
selectivity.  The  response  was  strictly  dependent  on  extracellular  Ca’*  and  could  be 
mimicked  by  Ca’*  ionophores.  It  is  possible  that  this  may  reflect  positive  feedback 
of  Ca^*  influx  through  one  influx  pathway,  which  then  maintains  the  activation  ot 
cation  channels  by  [Ca^*],.  Evidence  for  more  than  on-.-  cation  channel  has  also  been 
found  in  rat  peritoneal  mast  cells  by  Kuno  and  Kimura  using  noise  analysis." 

Theoretically,  all  non-selective  cation  channels  could  play  a  role  in  Ca’  *  influx 
provided  the  current  amplitudes  are  large  enough.  We  have  determined  the  Ca^* 
selectivity  of  the  50  pS  channels  in  peritoneal  mast  cells  and  found  a  permeability 
ratio  of  Pca2*/P.M-  of  around  2  in  physiological  solutions  with  2  mM  Ca’*  (taking 
activity  coefficients  into  account).  This  means  that  3-4%  of  the  current  through  50 
pS  channels  is  carried  by  Ca’*  ions.  Since  inward  currents  following  48/80  stimulation 
average  less  than  4  pA  at  -40  mV  (Fig.  2,C),  50  pS  cation  channels  can  at  best 
account  for  one  third  of  the  Ca’  *  influx  necessary  to  sustain  the  Ca^ '  plateaus  typically 
observed  in  rat  peritoneal  mast  cells.’” 

During  the  last  year,  evidence  has  accumulated  that  inositol  1 ,3,4,.5-tetrakisphos- 
phate  (InsP+l  may  be  involved  in  Ca^*  influx.'*’”  Although  InsP^  is  unable  to  activate 
Ca^‘  influx  by  itself,  it  may  enhance  Ca^*  entry  in  conjunction  with  other  factors. 
Thus,  in  endothelial  cells,  In.sPj  increases  the  open  probability  of  Ca’ '  -activated  cation 
channels,’"  whereas  in  Xenopus  oocytes’’’  and  lacrimal  gland  cells'”’  the  additional  pres¬ 
ence  of  InsPj  is  required  to  produce  the  .synergistic  enhancement  of  Ca’ '  influx  by 
InsP4.  In  a  variety  of  other  cell  types  no  actions  of  lnsP4  could  be  detected  In  rat 
peritoneal  mast  cells  and  RBL-2H3  cells,  we  found  neither  an  effect  of  lnsp4  on  I(rm 
nor  interference  with  non-selective  cation  channels.''” 


OTHER  CHANNELS 

In  addition  to  the  Ca’  ‘-permeable  channels  described  in  the  previous  two  sections, 
chloride  (Cl  )  channels  and  voltage-activated  potassium  (K*)  channels  are  found  in 
mast  cells.”””’  These  may  be  activated  and  modulated  following  receptor  stimulation 
or  secondary  to  changes  in  membrane  potential.  One  of  the  major  functions  of  the 
conductances  may  rest  on  their  ability  to  set  the  membrane  potential  to  hypcrpolarizcd 
levels  to  support  Ca’  ‘  influx  through  voltage-independent  cation  and  calcium  currents. 

In  rat  peritoneal  mast  cells,  externally  applied  secretagogues  activate  a  slow!)’  devel¬ 
oping  Cl  current.””  This  delayed  outward-rectifying  current  can  also  he  activated 
by  internally  applied  adenosine- 3 ',5’-cyclic  monophosphate  (cAMP)  or  guanosine  5'-0- 
3-thiotriphosphate  (GTPyS)  as  well  as  elevated  |Ca’‘|,.  The  effect  of  Ca’*  is  slow  and 
incomplete  however,  suggesting  that  the  current  is  not  due  to  Ca’ ‘ -activated  Cl 
channels,  such  as  those  ob.served  in  lacrimal  gland  cells  or  Xenopus  ooevtes.  Moreover, 
with  elevated  cAMP  levels,  current  activation  also  occurs  in  the  presence  of  2  mM 
EGTA.  The  current  is  reduced  by  the  chloride-channel  blocker  4,4'-dii.sothiocyano- 
2,2’-stilhcnedisulfonate  (DIDS).  The  single-channel  conductance  of  this  chloride  chan- 


204 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


nel  was  estimated  to  a  lower  limit  of  1-2  pS  using  noise  analysis.^'  Since  activation 
of  chloride  currents  would  hyperpolarize  the  membrane  potential,  it  could  serve  to 
provide  a  larger  driving  force  for  Ca^’  entry  via  the  mechanism  or  through 
non-selective  cation  channels.  Chloride  channels  could  therefore  play  a  supponing 
role  in  the  degranulation  of  mast  cells. 

Chloride  channels  can  also  be  found  in  rat  basophilic  leukemia  (RBL)  cells  where 
they  are  activated  by  cross-linking  of  IgE  receptors  and  have  a  slope  conductance  of 
32  pS.'  The  open-probability  increases  with  depolarizing  potentials  and  the  channels 
are  blocked  by  the  Cl’  channel  blocker  Tnitro-2-(3-phenylpropylamino)  benzoic  acid 
(NPPB)  and  by  the  antiallergic  drug  cromolyn,  both  in  the  pM  range.  NPPB  not 
only  inhibits  the  Cl’  channel  but  also  the  serotonin  release  of  these  cells  with  almost 
the  same  dose-response  relationship.  Whether  this  effect  is  due  to  a  reduction  in  driving 
force  for  Ca^*  influx  resulting  from  the  block  of  Cl  channels  or  to  some  other 
process  controlled  by  Cl  channels  remains  to  be  determined.  It  is  clear  however  that 
depolarizing  RBL  cells  results  in  impairment  of  mediator  release.* 

Two  main  types  of  K*  channels  have  so  far  been  identified  in  RBL-2H3  cells 
The  major  resting  conductance  of  this  cell  line  is  an  inwardly  rectifying  K*  channel 
This  channel  seems  to  be  responsible  for  setting  the  membrane  potential  of  these  cells 
to  negative  values  (ranging  between  -  50  and  -  90  mV'),  which  provides  a  large 
driving  force  for  Ca^*  influx.  In  physiological  K*  concentrations,  the  single  channel 
conductance  is  around  2-3  pS.’’  An  increase  in  |Ca’’l,  leads  to  a  decrease  in  the  open 
probability  of  this  inward  rectifier  without  affecting  the  single  channel  conductance.* 
McCloskey  and  Cahalan^"  found  that  this  K*  channel  is  controlled  by  a  pertussis- 
sensitive  G-protein.  Lewis  et  al.*‘  showed  that  injection  of  messenger  RXA  derived 
from  RBL-2H3  cells  into  Xenopus  oocytes  resulted  in  the  expression  of  an  inwardly 
rectifying  potassium  channel,  but  cloning  of  inwardly  rectifying  potassium  channels 
has  so  far  succeeded  only  in  plant  cells.*'  RBL  cells  also  possess  another  tvpc  of 
K*  channel  (outward  rectifier  type),  which  is  modulated  by  non-hydrolyzable  G'l  P 
analogs.^®  Different  G7  P-binding  proteins  seem  to  regulate  the  two  different  potassium 
channel  types  such  that  during  activation  of  these  CTprotcins,  the  inward  rectifier 
closes  and  the  outward  rectifier  opens. 

In  rat  peritoneal  mast  cells  K‘  channel  activity  was  reported  by  Matthews  et  al'' 
Less  than  5%  of  the  cell  preparations  showed  large  conductance,  Ca’'  and  voltage- 
dependent  channels.  The  reversal  potential  of  the  current  was  more  negative  than 
that  of  the  delayed  CL  current  and  was  affected  by  changes  in  external  K'  In  a  few 
rare  cases,  one  may  detect  outward  currents  in  mast  cells  with  the  kinetic  behavior 
of  an  outward  rectifying  slow-inactivating  K‘  channel  (Fig  3).  This  current  mav  not 
be  seen  when  clamping  the  cell  to  the  usual  holding  potential  of  0  mV  since  it  is 
inactivated  at  this  potential.  Changing  the  holding  potential  to  negative  values  (-  70 
mV)  lets  the  channels  recover  from  inactivation  and  therefore  they  can  he  activated 
by  depolarizing  voltage  pulses.  Since  this  current  is  observ'ed  so  rarely,  it  has  not  been 
characterized  in  great  detail.  Pharmacological  evidence  also  supports  the  existence  of 
K*  channels  in  the  membrane  of  rat  peritoneal  mast  cells,  since  K'  channel  blockers 
induce  histamine  release." 
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FIGURE  3.  Outward  currents  In  rat  peritoneal  mast  cells  (A)  Outward  currents  in  response  to 
depolarizing  voltage  pulses  (ranging  from  -  50  to  +  50  mV.  20  mM  increment)  from  a  holding 
potential  of  -  70  mV.  (B)  Current-voltage  relationship  plotting  the  peak-current  derived  from  the 
experiment  shown  in  A  as  a  function  of  the  membrane  potential. 


ION  CHANNELS  AND  MAST  CELL  ACTIVATION 

A  simplified  overview  of  the  signal  transduction  pathways,  ionic  conductances, 
and  second  messengers  involved  in  mast  cell  aaivation  is  shown  in  Figure  4.  An 
agonist,  such  as  substance  For  compound  48/80,  may  activate  more  than  one  pathway, 
leading  to  phospholipase  C(PLC)  activation,  Ca^  ‘  release,  and  Ca^  *  influx  both  through 
the  selective  pathway  (Icrac)  and  the  non-selective  one  (50  pS  channels).  Increased 
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FIGURE  4.  Scheme  of  the  different  types  of  channels  found  in  mast  cells  From  left  to  right 
Non-selectivc  cation  channels  activated  following  agonist  (A)  -receptor  (R)  binding  via  a  G-protein 
(Gp)  At  the  same  time,  InsP.  is  produced  through  activation  of  phospholipase  C  (PLC)  InsPi  depletes 
internal  Ca’"  stores,  which  leads  to  activation  of  1ira<  The  signal  transduction  mechanisms  that 
lead  to  activation  of  h  mi  after  store  depiction  are  presently  unknown  Cl  channels  can  be  activated 
by  cAMP,  which  is  increased  following  stimulation  of  a  G-protein  (Gs)  that  actis  ates  adenylate  cyclase 
(AC).  V'oltage-activated  K '  channels  may  be  regulated  by  G-proteins  (Gk>  Both  Cl  and  K '  channels 
can  be  responsible  for  negative  membrane  potentials  (\'m)  At  the  bottom  of  the  figure  a  typical 
(Ca’'|,  trace  in  response  to  a  stimulus  like  compound  48/80  is  shown  The  fast  Ca’"  transient  is 
followed  by  a  sustained  plateau  phase  due  to  Ca’"  influx  across  the  plasma  membrane 

levels  of  [Ca’  *|,  and  diacylglycerol  support  the  secretory  response  through  the  protein 
kinase  C  pathway.  The  same  agonfst  can  also  activate  the  delayed  Cl  conductance 
which,  in  non  voltage-clamped  cells,  leads  to  membrane  hyperpolarization  with  funher 
increases  of  calcium  and  cation  fluxes.  It  should  be  noted  however  that  cAMP  levels 
remain  unchanged  or  decrease  during  48/80  stimulation  but  increase  w  ith  antigen  as 
a  stimulus.  Since  high  levels  of  cAMP  also  reduce  secretion  by  an  unknown  mechanism 
when  applied  through  the  patch  pipette,'"  the  size  and  the  timing  of  activation  of 
these  transduction  pathways  may  explain  the  ability  of  different  agonists  to  induce 
or  to  suppress  the  secretory  response.''^ 

A  further  level  of  complexity  arises  when  one  considers  that  the  granule  content, 
once  secreted,  may  further  activate  mast  cells.  The  best  known  example  is  displayed 
by  ATP.  Mast  cells  secrete  ATP  together  with  histamine'"  and  both  ATP  receptors, 
coupled  to  phospholipase  C,  and  ATP-gated  channels  have  been  described  in  mast 
cells.”  However,  the  role  of  ATP  on  secretion  is  still  unclear  since  cellular  responses 
to  extracellular  ATP,  either  released  by  immunocompetent  cells  or  by  nerve  terminals, 
can  range  from  [Ca^'l,  rises  and  membrane  depolarization  to  cell  death. 

Even  within  the  same  typte  of  non-excitable  cells,  striking  differences  can  be  found 
in  two  tissue  variants;  the  peritoneal  mast  cells  of  the  connective  tissue  type  and  the 
basophilic  mast  cells  of  the  mucosal  type.  Peritoneal  mast  cells,  under  resting  conditions, 
have  a  very  small  whole-cell  conductance  with  a  resting  membrane  potential  around 
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0  mV  since  their  dominant  conductance,  the  delayed  Cl^  current,  is  silent.  3y  contrast, 
the  high  negative  resting  potential  of  the  RBL  cells  is  governed  by  the  inwardly 
rectifying  K’  current."  Both  cell  types  are  also  endowed  with  the  same  highly  selective 
Ca^*  current  activated  by  store  depletion  and  with  a  still  undefined  number  of  less 
selective  cation  pathways.  These  different  channel  equipments  are  likely  involved  in 
defining  the  secretory  properties  of  the  two  cell  types.  While  in  peritoneal  mast  cells 
secretion  occurs  in  a  few  seconds  with  dramatic  morphological  changes,"  a  slow 
release,  lasting  20-30  minutes  characterizes  the  secretory  process  in  RBL-2H3  cells. 
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INTRODUCTION 

Muscarinic  acetylcholine  receptors  (mAChRs)  mediate  a  variety  of  the  actions  of 
acetylcholine  in  the  central  and  peripheral  nervous  systems.  The  mechanisms  of  the 
actions  on  the  cellular  level  include  inhibition  of  adenylate  cyclase,  breakdown  of 
phosphoinositides,  and  modulation  of  potassium  channels,  through  G  proteins,'  Accu¬ 
mulating  evidence  has  shown  heterogeneity  among  mAChRs  on  the  basis  of  different 
binding  properties  for  agonists  and  antagonists  in  various  tissues.  This  article  deals 
with  the  structure  of  the  mAChR,  which  was  revealed  by  cloning  and  sequencing  of 
the  receptors,  and  attempts  to  elucidate  the  molecular  basis  of  the  functional  heterogene¬ 
ity  of  the  mAChR  using  DNA  expression  systems. 


PRIMARY  STRUCTURE  OF  mAChRs 

The  mAChR  was  purified  to  homogeneity  from  a  membrane  fraction  of  porcine 
cerebrum  using  ligand  affinity  chromatography."’  The  purified  protein  was  digested 
with  trypsin  and  the  resulting  peptides  were  fractionated  by  reversed-phase  HPLC. 
Five  peptides  (I-V)  were  Isolated  and  analyzed  for  amino  acid  sequence  with  the  use 
of  gas-phase  sequencer  (peptide  I;  ELAALQGSETPGK,  peptide  11;  MPMV'DPEAQA- 
PAK,  peptide  III;  TFSLVK,  peptide  IV;  EPVANQEPVSPXLVQG,  peptide  \’; 
DDEITQDENTVXXSL,).  Two  clones  (pmACR84  and  pmACR60)  from  a  porcine 
cerebrum  cDNA  library  hybridizable  to  the  peptide  1  and  peptide  II  probes,  were 
analyzed  further  for  nucleotide  sequence.  ’  The  analysis  revealed  that  the  clones  contain 
an  open  reading  frame  of  460  amino  acid  residues  including  the  peptide  1-111  sequences, 
Thus  the  amino  acid  sequence  of  porcine  cerebrum  mAChR  was  deduced  from  the 
cDNA  sequences  and  was  designated  as  ml.' 

Ihe  peptides  IV  and  V,  however,  were  not  included  in  the  ml  sequence  Ihis 
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finding  raised  the  question  of  whether  these  tryptic  peptides  are  derived  from  a  different 
mAChR  protein.  An  oligodeoxyribonucleotide  corresponding  to  tiie  cai'uoxy-terminal 
sequence  QDENT  of  peptide  V  was  extended  by  reverse  transcriptase,  using  porcine 
cerebral  poly(A)*RNA  as  template.'*  After  the  single-stranded  cDNA  was  convened 
to  double-stranded  followed  by  cloning  into  plasmid  DNA,  the  primer-extended  cDNA 
library  was  screened  by  a  synthetic  probe  corresponding  to  the  amino-terminal  sequence 
DDEIT  of  the  peptide  V.  One  of  the  positive  clones  (pmACR42  3)  was  found  to 
encode  the  amino  acid  sequences  for  both  peptides  IV  and  V  in  the  same  reading  frame. 
Because  RNA  blot  hybridization  analysis  indicated  that  porcine  atrium  contained 
a  relatively  large  amount  of  RNA  hybridizable  with  a  cDNA  probe  derived  from 
pmACR42  3 ,  isolation  of  cDNA  clones  that  cover  the  rest  of  the  protein-coding  region 
was  completed  by  screening  porcine  atrium  cDNA  libraries  '*  The  mAChR  encoded 
by  these  clones  is  named  m2.  Cloning  of  porcine  m2  was  also  reponed  by  Peralta  et 
aV  The  primary  structures  of  three  additional  mAChR  species,  designated  as  m3, 
m4,  and  m5,  have  subsequently  been  deduced  from  the  nucleotide  sequences  of  the 
cloned  cDNAs  or  genomic  DNAs.'*"'^  Rat  m2  cDNA,"  mouse  ml  gene,'*  chicken 
m2  gene,'*  and  Drosophila  mAChR  cDNA  and/or  gene'*' have  also  been  cloned. 

In  Figure  1  porcine  m  1 ,  m2 ,  m  3 ,  and  rat  m4  sequences  are  aligned.  The  hydropathy 
profiles  of  the  mAChRs  are  similar  and  suggest  the  presence  of  seven  transmembrane 
segments  (I- VII).  Primary  structures  of  the  mAChRs  are  also  homologous  to  one 
another,  except  that  the  amino  terminal  region  and  the  region  between  segments  V 
and  VI  (i3)  are  divergent;  some  sequence  similarity  between  the  subtypes  in  the  i5 
region  will  be  discussed  later.  There  are  a  couple  of  potential  N-glycosylatlon  sites  in  the 
amino  terminus  and  several  potential  sites  of  phosphorylation  by  a  cAMP-dependent 
protein  kinase  in  the  segment  i3  and/or  the  carboxy  terminus.  Charged  amino  acid 
residues  present  in  these  segments  are  two  aspanic  acid  residues  (position  1 14  and 
148  in  Fig.  1)  that  are  conserved  in  all  the  mACihRs.  Involvement  of  the  latter  aspartic 
acid  residue  in  ligand  binding  to  the  mAChRs  has  been  suggested,'"  as  in  the  case  of 
the  P-adrenergic  receptor.*’  These  structural  features  are  generally  shared  by  rhodopsin 
and  the  P-adrenergic  receptor.  This  suggests  that  the  mAChRs  have  a  transmembrane 
topology  similar  to  that  of  bacteriorhodopsin.' 


PHARMACOLOGICAL  CHARACTERIZATION  OF  MOLECULARLY 
DEFINED  mAChR  SUBTYPES 

To  examine  whether  these  cloned  receptors  bind  muscarinic  receptor  ligands  and 
whether  they  have  differences  in  ligand-binding  propenies,  mRNAs  specific  for  the 
individual  mAChRs  were  synthesized  by  transcription  in  vitro  of  the  respective  cDNAs 
or  genomic  DNAs  (containing  no  introns  in  the  protein-coding  region)  and  were 
injected  into  Xenopus  oocytes  to  yield  functional  mAChRs.' The  ligand-binding 
properties  of  the  four  mAChRs  expressed  in  oocytes  were  examined  using  cell  extracts 
(Table  1).  The  apparent  di.ssociation  constant  (K,d  for(-)-l'H]quinuclidinyl  benzilate 
(QNB),  estimated  by  Scatchard  analysis,  is  similar  for  all  the  mAChRs  (80-1 30  pM) 
The  apparent  values  for  selective  antagonists  were  obtained  by  measuring  displace¬ 
ment  of  (-)-['H)QNB  binding  by  increasing  concentrations  of  the  antagonists.  Piren- 
zepine,  selective  for  the  M|  subtype.''’  shows  the  highest  binding  affinity  for  m  i  (A'l  = 
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18  nM).  m3  and  m4  exhibited  intermediate  affinities  for  pirenzepine  (Kj  =  120-180 
nM),  and  m2  the  lowest  affinity  (K,i  =  660  nM).  These  three  classes  of  affinity  for 
pirenzepine  are  similar  to  those  reported  originally  for  mAChRs  in  brain  (cerebral 
cortex  and  hippocampus),  glands,  and  heart.”  AF-DX  1 1 6,  .selective  for  the  Mj  cardiac 
.subtype,"'  showed  a  higher  binding  affinity  for  m2  (Xj  =  0.7  3  pM)  than  for  the 
other  mAChR  species  (K^  =  2.3-3. 1  pM).  Hexahydrosiladifenidol,  selective  for  the 
M2  ^andular  subtype  relative  to  the  M.  cardiac  subtype, exhibited  the  highest 
binding  affinity  for  m3  (K,i  =  4. 0-4.4  nM).  The  affinity  for  this  antagonist  decreased 
in  the  order  of  m4  (Kj  =  20  nM),  ml  (Kj  =  51  nM),  and  m2  (Kj  =  280  nM).  These 
results  indicate  that  m  1 ,  m2,  and  m3  correspond  most  closely  to  the  pharmacologically 
defined  Mi,  Mi  cardiac,  and  Mi  glandular  subtypes,  respectively.  Tissue  distribution 
of  the  mRNAs  encoding  these  mAChR  species  also  suppons  this  idea.  Figure  2  shows 
RNA  blot  hybridization  analysis  with  specific  probes  for  mAChR  species.-''  All  four 
mAChR  mRNAs  are  present  in  cerebrum,  whereas  only  m2  mRNA  is  found  in  heart. 
Exocrine  glands  contain  both  ml  and  m3  mRNAs,  whereas  smooth  muscles  contain 
both  m2  and  m3  mRNAs.  Thus  the  mAChR  heterogeneity  in  tissues  with  respect 
to  antagonist  binding  can  be  accounted  for  by  the  presence  of  molccularlv  distinct 
mAChRs  or  various  combinations  of  them. 


CELLULAR  RESPONSES  MEDIATED  BY  mAChR  SUBTYPES 

Various  cellular  responses,  .such  as  the  inhibition  of  adenylyl  cyclase  actit  it\ .  the 
stimulation  of  phosphoinositide  hydrolysis,  and  the  regulation  of  pota.ssium  current 
in  myocardium  through  G  proteins,^'  arc  known  to  be  induced  by  mAChR  agonists. 
Coupling  of  molecularly  defined  mAChR  subtypes  with  distinct  effector  systems  was 
investigated  using Xempus  oocytes  and  NG108- 1 5  neuroblastoma-glioma  hybrid  cells'* 
as  transient  and  stable  expression  systems,  respectively.' 


Responses  in  Xenopus  Oocytes 

Figure  3  shows  typical  ACh  responses  observed  in  Xenopus  oocv'tcs  injected  with 
the  mRNA  specific  for  ml,  m2,  m3,  or  m4  Those  arc  whole-cell  currents  under 


FIGURE  I.  Alignment  of  the  amino  add  sequences  of  porcine  ml,  porcine  m2,  porcine  m.t,  and 
rat  m4.  The  sequence  data  have  been  taken  from  Kulxi  el  al..'*  Akiba  el  a! and  Bonner  el  al  7 
the  amino-terminal  sequence  of  rat  m4  has  licen  completed  from  our  unpublished  data  .Sets  of  four 
identical  residues  at  one  position  are  enclosed  with  solid  lines  and  sets  of  four  identical  or  consened 
residues  at  one  position  with  broken  lines  Clonservative  ammo  acid  substitutions  are  iletined  as  pairs 
of  residues  belonging  to  one  of  the  following  groups:  S.  I  ,  P,  A,  and  C'l;  N,  1),  E,  and  Q;  H,  R. 
and  Ki  M,  I,  L,  and  V|  F,  Y,  and  W  The  nonhomologous  sequences  that  cannot  be  aligned  arc 
also  shown  Amino  acid  residues  arc  numbered  beginning  with  the  initiating  methionine,  and  numbers 
of  the  residues  at  the  right-hand  end  of  individual  lines  are  given.  Positions  in  the  aligned  sequences 
including  gaps  ( - )  and  in  the  nonhomologous  sequences  are  numbered  beginning  with  that  of  the 
initiating  methionine  The  putative  transmembrane  segments  I-Vll  are  indicated,  tbe  termin.ils  of 
these  segments  have  been  tentatively  a.ssigned  I  he  amino  acid  difference  resulting  from  a  nucleotide 
difference  found  between  the  individual  clones  is  Ser  at  position  5  .16  (in  aligned  sequences)  of  ni2 
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FIGURE  2.  Autoradiograms  of  blot  hybridization  analysis  of  poly(A)‘RNA  from  porcine  (A-C) 
and  rat  tissues  (D)  using  probes  specific  for  the  mRNAs  encoding  porcine  ml  (A),  porcine  m2  (B), 
porcine  mj  (C),  or  rat  m4  (D).  (A-Q  Analysis  of  poIyfA)  ‘  RNA  ( 1 5  fig  each)  from  porcine  cerebrum 
(lane  1),  lacrimal  gland  flane  2),  parotid  gland  flane  3),  small  intestine  (lane  4).  large  intestine  (lane 
5),  trachea  (lane  6),  urinary  bladder  (lane  7),  and  atrium  (lane  8).  The  rat  RNA  species  hybridizablc 
with  the  rat  m3-specific  probe  showed  a  similar  tissue  distribution.  (D)  Analysis  of  poly(A)'RNA 
(I  5  (Zgeach)  from  rat  cerebrum  fiane  1),  submandibular  gland  Oane  2).  small  intestine  (lane  3).  trachea 
(lane  4),  urinary  bladder  (lane  5),  and  heart  (lane  6).  (From  Maeda  et  al.^"  Reprinted  with  permission  ) 
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voltage  clamp  at  a  holding  potential  of  -  70  mV.  Oocytes  implanted  with  ml  or  m3 
exhibited  an  oscillatory  inward  current  (Fig.  3,  A  and  C).  In  contrast,  a  typical  ACh 
response  induced  in  oocytes  implanted  with  m2  or  m4  comprised  an  initial  smooth 
inward  current  followed  by  an  oscillatory  component  (Fig,  3 ,  B  and  D).  The  oscilla'-orv 
current  evoked  by  activation  of  m2  or  m4  varied  in  amplitude  among  the  oocytes 
tested  and  was  undetected  in  some  of  them.  The  latency  of  the  ACh  response  in  m2- 
or  m4-implanted  oocytes  was  shorter  than  in  ml-or  m3-implanted  oocytes,  the  former 
being  mostly  attributable  to  the  dead-space  time  in  the  perfusion  system  (~  7  sec). 
The  current  response  in  ml-or  m3-implanted  oocytes  occurred  after  an  additional 
delay  (2-3  sec). 

The  reversal  potential  of  the  oscillatory  current  induced  by  activation  of  each  of 
the  four  mAChR  subtypes,  obtained  in  Ringer’s  solution,  was  around  -  25  mV,  which 
is  close  to  the  equilibrium  potential  of  Cl'  in  Xenoptis  oocytes.”  This  suggests  that 
the  oscillatory  current  is  carried  mainly  by  Cl'.  In  contrast,  the  smooth  current 
mediated  by  m2  or  m4  was  reversed  in  polarity  at  a  potential  around  10  mV.  This 
value  does  not  correspond  to  the  equilibrium  potential  of  any  single  species  of  ions. 
Reversal  potential  measurements  in  different  media  performed  with  EGTA-loaded 
oocytes  suggest  that  the  smooth  current  evoked  by  activation  of  m2  or  m4  is  carried 
principally  by  Na*  and  K*.  Intracellular  injection  of  the  Ca^  * -chelating  agent  EGTA 
almost  completely  abolished  the  ACh-aaivated  current  in  ml-  or  m3-implanted  oo¬ 
cytes,  leaving  only  a  small  long-lasting  inward  current.  The  oscillatory  current  in  m2- 
or  m4-implanted  oocytes  similarly  disappeared  after  this  treatment,  whereas  the  smooth 
component  was  virtually  unaffected.  It  is  most  likely  that  the  activation  of  the  Cl 
current  mediated  by  ml  and  m3  results  from  phosphoinositide  hydrolysis  leading  to 
Ca^  *  release  from  intracellular  stores. 


Responses  in  NGIOS-IS  Cells 

NG108-15  cells  were  transfected  with  cDNA  or  genomic  DNA  encoding  each 
of  the  four  mAChR  subtypes,  using  an  expression  vector  carrying  the  SV40  early 
gene  promoter  and  the  neomycin-resistance  marker  gene.^’  The  expression  of  each 
mAChR  subtype  was  confirmed  by  (-  )-(*H)QNB  binding  assay  and  by  blot  hybridiza¬ 
tion  analysis  of  total  cellular  RNA  using  mAChR  subtype-specific  probes.  NG 1 08-1 5 
cells  endogenously  contain  the  m4  mRNA.’ 

The  transformed  clones  were  tested  for  electrophysiological  response  to  ACh  under 
voltage  clamp  at  a  holding  potential  of  -30  mV.^’  ml-  or  m3-transformed  cells 
exhibited  a  similar  response  to  ACh.  which  comprised  an  initial  outward  current 
followed  by  a  sustained  inward  current.  The  initial  outward  current  was  accompanied 
by  an  increase  in  input  conductance,  as  measured  by  short  voltage  steps  (Fig.  4).  The 
reversal  potential  of  the  outward  current  was  -  73  to  -  85  mV.  and  the  current- voltage 
Q-V)  relation  was  apparently  linear.  The  outward  current  response  was  reduced  or 
abolished  by  apamin  (0.4  fiM)  or  ( -^  )-tubocurarine  (0.2  mM),  but  was  insensitive  to 
tetraethylammonium  (1  mM).  These  results  indicate  that  the  initial  outward  current 
is  principally  attributable  to  aaivation  of  a  subclass  of  Ca^ ' -dependent  K*  currents. 
Unlike  the  initial  outward  current,  the  secondary  inward  current  induced  by  ACh 
was  usually  accompanied  by  a  decrease  in  input  conductance  and  by  a  reduction  in 
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FIGURE  3 .  ACh-actIvatcd  currents  in  Xenopus  oocytes  injected  with  the  mR7JA  specific  for  porcine 
ml  (A),  porcine  m2  (B),  porcine  m3  (C).  or  rat  m4  (D).  Whole-cell  currents  activated  by  bath 
application  of  1  pM  (A,  B,  D)  or  10  nM  ACh  (C)  were  recorded  under  voltage  clamp  at  a  holding 
potential  of  -  70  mV  before  (left)  and  after  (right)  intracellular  injection  of  EGTA  Inward  current 
is  downward  The  duration  of  ACh  application  is  indicated  by  bars  without  taking  into  account  the 
dead-space  time  in  the  perfusion  system  ( ~  7  sec).  The  ACh  responses  in  oocytes  injected  with  the 
rat  m  5-specific  mRNA  were  similar  to  the  records  in  (C).  (A  and  B  From  Fukuda  rt  al.'"  C  and 
D:  From  Bujo  et  ai’'  Reprinted  with  permission.) 
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FIGURE  4.  ACh  response  in  ml -transformed  NG108-15  cells.  (A)  Whole-cell  currents  activated 
by  applying  3  4I  of  a  0. 1  miM  ACh  solution  at  the  time  indicated  by  the  arrow  were  recorded  under 
voltage  clamp  at  a  holding  potential  of  -  30  mV  Inward  current  is  dow  nward  Repetitive  downw  ard 
deflections  are  current  transients  produced  by  hyperpolarizing  steps  of  20  mV'  for  400  msec  applied 
every  3  sec  to  measure  input  conductance.  An  interval  of  -  S  min  separates  the  trace  into  two  pans, 
and  the  trace  is  interrupted  by  brief  periods  ( -  I  sec)  of  faster  recording  The  recorder  saturated 
during  the  outward  current  response  (B)  Expanded  records  of  current  transients  obtained  at  the 
times  indicated  in  A:  (a)  before  applying  ACh.  (b)  during  the  ACh-induced  outward  current,  (c) 
during  the  subsequent  inward  current,  (d)  after  panial  recovery  (From  Fukuda  el  al'"  Reprinted 
with  permission  ) 


the  time-dependent  inward  current  relaxation  observed  during  hyperpolarizing  voltage 
steps  (Fig.  4).  The  steady-state  l-V  curve  that  was  obtained  while  the  sustained  inward 
current  was  present  showed  a  reduaion  in  the  outward  rectification  in  a  potential 
range  less  negative  than  approximately  -  70  mV  (tested  up  to  -  20  mVO,  where  the 
M  current’^  is  activated.  These  data  indicate  that  the  secondary  inward  current 
results  primarily  from  inhibition  of  the  M  current,  which  is  known  to  be  present  in 
NGIO8-I5  cells.  The  initial  outward  current  and  the  secondary  inward  current  were 
observed  in  most  of  the  ml-  and  m3-transformed  cells  tested.  In  contrast,  the  percent¬ 
ages  of  responsive  cells  among  the  m2-  or  m4-transformed  cells  tested,  despite  their 
significant  amount  of  (-)-[’H]QNB  binding,  were  not  higher  than  those  of  non- 
transfected  or  vector-transformed  control  cells. 

The  effect  of  carbamylcholine  on  the  formation  of  (’H)inositol  phosphate  was 
examined  using  ['H] inositol-labeled  cells.'’  In  ml  -  or  m3 -transformed  cells,  a  four-  to 
sevenfold  increase  in  the  release  of  total  inositol  phosphates  occurred  in  response 
to  carbamylcholine  stimulation,  as  compared  with  control  values  obtained  without 
stimulation.  But  in  m2-  or  m4-transformed  cells  as  well  as  in  nontransfected  or  vector- 
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transformed  cells,  no  appreciable  increase  in  inositol  phosphate  release  was  observed. 
Studies  with  the  fluorescent  indicator  dye  fra-2  showed  that  the  m  1  and  m  3  expressed 
in  NG 1 08- 1 5  cells,  unlike  m2  or  m4,  mediate  release  of  Ca^  *  from  intracellular  stores. 

Stable  expression  of  the  four  mAChR  subtypes  in  other  mammalian  ceU  lines  also 
shows  that  ml  and  m3  are  coupled  with  stimulation  of  phosphoinositide  hydroly- 
sis  i7.i4.is  vvhereas  m2  and  m4  are  linked  mainly  with  inhibition  of  adenylate  cy- 
clase. ”■’■*  **  m5  has  been  shown  to  be  coupled  with  phosphoinositide  hydrolysis  effi- 
ciendy."’  "  These  findings,  together  with  the  expression  studies  usmgXenopus  oocytes 
surest  that  these  subtypes  are  selectively  coupled  with  different  effector  systems,  albeit 
not  exclusively.  Of  interest  in  this  context  is  that  m3  has  a  sensitivity  to  agonist 
about  one  order  of  magnitude  higher  than  that  of  m  1  in  mediating  phosphoinositide 
hydrolysis  and  intracellular  Ca^'  release  in  NGI08-15  cells  as  well  as  the  Ca^'- 
dependent  Cl'  current  response  in  Xenopus  oocytes.^'  This  is  probably  attributable, 
at  least  partly,  to  its  higher  agonist-binding  affinity  of  m3  than  that  of  ml.’’ 


LOCATION  OF  AN  mAChR  DOMAIN  INVOLVED  IN  SELECTIVE 
EFFECTOR  COUPLING 

To  localize  the  region  of  the  mAChR  molecules  responsible  for  selective  coupling 
with  different  effector  systems,  chimeric  mAChR  molecules  with  different  combina¬ 
tions  of  ml  and  m2  were  expressed  in  Xenopus  oocytes  from  the  corresponding  cDNA 
constructs.’’  Figure  5(A)  schematically  shows  the  structures  of  different  chimeric 
mAChRs  in  which  corresponding  portions  of  porcine  m  1  and  m2  are  replaced  with  each 
other.  Figure  5(B)  shows  the  ACh-induced  current  responses  at  -  70  mV'  membrane 
potential  observed  in  oocytes  implanted  with  the  different  chimeric  mAChRs  and 
with  the  parental  ml  and  m2.  Each  ACh-induced  current  was  also  examined  for  the 
effect  of  EGTA.  The  ACh-activated  inward  current  mediated  by  the  chimeric  mAChR 
MC2,  MC8,  or  MClO  was  oscillatory  in  nature  and  was  almost  completely  abolished 
by  EGTA.  On  the  other  hand,  a  typical  ACh  response  mediated  by  the  chimeric 
mAChR  MC4  or  MC9  comprised  an  initial  smooth  inward  current  that  was  virtuallv 
unaffected  by  intracellular  injeaion  of  EGTA,  followed  by  an  oscillatory  component 
that  disappeared  after  this  treatment.  The  average  peak  inward  currents  activated  bv 
I  llM  ACh  were  compared  taking  into  account  the  receptor  density,  measured  bv 
(-)-['H]N-methylscopolamine(NMS)  binding  on  the  cell  surface  (Fig,  5,C).  The  nor¬ 
malized  current  amplitudes  for  ml,  MC2,  MC8,  and  MClO  were  about  two  orders 
of  magnitude  larger  than  that  for  MC4,  MC9,  and  m2.  Thus,  MC2,  MC8,  and 
MClO,  in  which  the  third  putative  cytoplasmic  portion  (i3)  is  derived  from  ml, 
mediate  an  ACh  response  similar  to  that  mediated  by  ml In  contrast,  MC4  and 
MC9,  which  share  this  portion  with  m2,  elicit  an  ACh  response  similar  to  that  mediated 
by  m2.^'’ 

TTius,  it  is  concluded  that  the  region  of  the  mAChR  molecules  comprising  the 
carboxy-terminal  third  of  the  proposed  transmembrane  segment  V  and  the  following 
putative  cytoplasmic  portion  before  the  proposed  transmembrane  segment  VI  contains 
a  determinant  of  selective  coupling  with  different  effector  systems.  This  is  consistent 


FIGURE  5.  Functional  properties  of  por- 
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with  other  studies  that  used  chimeras  or  mutations,  and  may  be  generally  valid  for 
G  protein-coupled  receptors.'" Although  the  amino  acid  sequence  of  this  third 
cytoplasmic  loop  is  divergent  among  the  mAChR  subtypes,'  '  some  sequence  homol¬ 
ogy  is  noted  in  this  portion  among  m  I ,  m3,  and  mJ  as  well  as  m2  and  m4,  especiallv 
in  the  both  amino-  and  carboxy-terminus  of  the  cytoplasmic  loop  (Fig.  6)  Recent 
studies  have  focused  on  these  regions.'" "■*■*  It  has  been  shown  by  using  chimeras  that 
nine  amino  acid  residues  of  m3  and  no  more  than  21  amino  acid  residues  of  m2  at 
the  amino-terminal  ponion  of  the  third  cytoplasmic  loop  are  critical  for  selectne 
effector  coupling  of  m3  and  m2,  respectively.'*'* 


CONCLUSION 

The  existence  of  multiple  mAChR  subtypes  originated  from  distinct  genes  has 
been  shown  by  cloning  and  sequencing  analysis  The  antagonist  binding  properties 
of  the  individual  subtypes  expressed  from  the  cloned  DNAs,  together  with  the  differen¬ 
tial  tissue  distribution  of  the  mRNAs,  indicate  that  the  mAChR  heterogeneity  In 
tissues  with  respect  to  antagonist  binding  can  be  accounted  for  by  the  presence  of 
distinct  mAChRs  in  various  combinations.  Using  the  DNA  expression  sy.stems  in 
Xenopus  oocytes  and  NG108-1 5  neuroblastoma-^ioma  hybrid  cells,  it  has  been  shoss  n 
that  molecularly  defined  mAChR  subtypes  are  selectively  coupled  with  different  effector 
system,  albeit  not  exclusively.  Functional  analysis  of  chimeric  receptors  composed  of 
ml  and  m2,  together  with  the  recent  progress  by  other  groups,  indicates  that  the 
amino-terminal  sequencesin  the  third  cytoplasmic  loop  between  the  putative  transmem¬ 
brane  segments  V  and  VI  are  a  possible  determinant  of  selective  coupling  with  different 
effector  systems. 
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INTRODUCTION 

The  first  direct  evidence  for  multiple  muscarinic  receptor  subtypes  came  from  a 
pharmacological  comparison  of  the  receptors  expressed  by  brain  and  heart  '''  These 
receptors  were  then  purified  to  apparent  homogeneity  from  porcine  brain'*  and  hean  .' 
Sufficient  peptide  sequence  was  obtained  from  these  preparations  to  allow  the  cloning 
of  the  m  C  and  m2' "  muscarinic  receptor  subtypes  from  these  tissues.  Using  homolog)- 
cloning,  the  human  and  rat  forms  of  these  receptors  as  well  as  three  additional  subtypes 
(m3-m5)  were  identified.’  "'  The  sequences  of  these  receptor  subtvpes  were  subse¬ 
quently  confirmed  in  the  human"  ''  and  defined  in  several  other  species."  '■*  Compari¬ 
son  of  the  amino  acid  sequences  of  the  five  muscarinic  receptor  subtypes  indicates 
that  they  are  derived  from  a  highly  conserved  gene  family.  Maximum  sequence  homol¬ 
ogy  among  the  members  occurs  in  the  seven  hydrophobic  regions  that  are  predicted 
to  be  transmembrane  (TM)  domains.  These  are  the  regions  where  muscarinic  receptors 
have  the  most  sequence  homology  with  other  receptors  that  mediate  signal  transduction 
by  coupling  with  G-proteins." 

Prior  to  their  molecular  cloning,  muscarinic  receptors  were  divided  into  two  or 
at  most  three  subtypes  based  on  pharmacological  differences.  Thus,  pharmacological 
approaches  were  inadequate  to  determine  reliably  either  the  tissue-specific  expression 

"Some  of  the  described  work  was  supported  by  Public  Health  Services  C;r,ims  (PHS  ROI 
AG05214,  PHS  R29  NS29634  and  NSF  BNS-91 1 1629),  by  Lilly  Research  labs,  Schering  Plougli 
Pharmaceuticals.  Boehringer  Ingelheim,  and  Allergan  Pharmaceuticals 
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of  each  of  the  subtypes  or  their  physiological  function.’  ’  Based  on  the  sequences  of 
the  receptor  cDNAs  it  has  been  possible  to  prepare  subtype-selective  antibody  and 
cDNA  probes  to  determine  the  tissue-specific  expression  of  each  of  the  receptor  sub- 
types.  In  this  paper  we  discuss  data  collected  using  these  approaches  and  their  physiologi¬ 
cal  implications.  Availability  of  receptor  clones  has  also  inspired  many  studies  at¬ 
tempting  to  define  functional  regions  within  the  receptor  .subtypes.  We  discuss  the 
current  status  of  our  understanding  of  the  structure/function  relationships  of  the 
ligand  binding  and  G-protein  coupling  domains  of  the  muscarine  acetylcholine  receptor 
subtypes. 


PHARMACOLOGICAL  PROPERTIES 

Muscarinic  receptors  in  different  tissues  can  be  distinguished  pharmacologically. 
Three  tissues  widely  used  to  evaluate  the  pharmacology  of  the  distinc.  receptor  subtypes 
are  the  vas  deferens,  heart,  and  ileum:  Ml  receptors  enhance  neurogenic  contraction 
in  vas  deferens;  M2  receptors  slow  the  heart,  and  M3  receptors  contract  ileal  smooth 
muscle.  Using  data  from  several  of  the  most  selective  muscarinic  compounds,  we 
correlated  the  pharmacologies  of  these  physiologically  defined  subtypes  (Ml  -M3)  with 
that  of  the  genetically  defined  subtypes  (ml-m5)  as  determined  using  radioligand 
binding  assays.  Strong  correlations  are  observed  between  the  m2  and  M2  receptors, 
and  these  receptors  are  the  easiest  to  differentiate  from  the  other  subtypes.  The  pharma¬ 
cology  of  the  M3  receptor  correlates  the  best  with  m  3 ,  but  caution  should  be  exercised 
as  even  the  most  discriminating  compounds  have  a  modest  selectivity  «10  fold) 
Unfortunately,  even  when  a  relatively  large  number  of  compounds  are  considered, 
it  is  impossible  to  unequivocally  a.ssign  the  M 1  receptor  of  vas  deferens  to  a  genetically 
defined  subtype.’  We  recently  completed  a  .study  of  the  pharmacology  of  the  cloned 
receptors  using  functional  assays  in  living  transfected  mammalian  cells.  If  one  assumes 
that  Ml  =  ml,  M2  =  m2,  and  M3  =  m3,  then  a  precise  1;1  relationship  is  observed 
for  the  pharmacology  of  cloned  and  endogenously  expressed  receptor  subtypes  (Fig. 
1).  These  data  suggest  that  the  small  deviations  that  were  previously  observed  between 
the  pharmacologies  of  cloned  receptors  and  tissue  preparations  were  due  to  artifacts 
as.sociated  with  binding  assays  that  were  performed  using  nonphysiological  conditions. 


ANATOMICAL  LOCALIZATION 

As  indicated  above,  pharmacological  data  alone  are  inadequate  to  evaluate  the 
anatomical  di.stribution  of  the  muscarinic  receptor  subtypes.  Fonunately,  the  molecular 
cloning  of  the  receptor  subtypes  has  provided  new  tools  to  evaluate  their  tissue-specific 
expression.  For  example,  using  cloned  DNA  or  oligodeoxynucleotidcs  it  is  possible 
to  measure  the  distribution  of  the  mRNA  that  encodes  each  of  the  receptor  subtypes. 
Both  approaches  have  been  used  to  map  the  distribution  of  muscarine  receptor 
mRNAs.’’  "  Similarly,  the  encoded  receptor  proteins  can  be  measured  by  use  of 
subtype-.selectivc  antibodies.  One  approach  is  to  prepare  synthetic  peptides  based  on 
the  predicted  sequences  of  the  receptor  proteins.  These  peptides  have  been  conjugated 
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Amplification  (pK,) 


FIGURE  1 .  Correlation  of  the  affinities  of  antagonists  for  muscarinic  receptor  subtypes  expressed 
by  tissues  and  transfected  cells  Data  for  the  peripheral  tissue  preparations  are  pA;  talues  for  the  Ml 
vas  deferens,  M2  heart,  and  Ml  illeum"'  Data  for  the  cloned  receptors  are  pKl  values  determined 
by  antagonism  of  carbachol-induccd  amplification  responses  measured  in  living  mammalian  cells 
transfected  with  each  of  the  receptor  subtypes  Jorgensen  and  Brann,  unpublished  observations) 

to  carrier  protein  and  used  as  antigens.’’ Another  approach  is  to  express  fragments 
of  the  cloned  receptors  as  fusions  with  antigenic  proteins  in  E.  coli.  and  use  these 
proteins  as  antigens. 

Overall,  the  above  approaches  have  indicated  that  the  muscarinic  receptors  are 
differentially  distributed  in  peripheral  tissues  and  have  provided  evidence  for  the  molec¬ 
ular  identities  of  the  pharmacologically  defined  receptor  subtypes.  In  addition  to  inhibi¬ 
tory  Ml  receptors,  vas  deferens  has  M2  receptors  that  enhance  neurogenic  contrac¬ 
tions.^'  Both  ml  and  m2  receptor  proteins  are  present  in  vas  deferens.’"  Many  studies 
have  indicated  a  homogeneous  population  of  M2  muscarinic  receptors  in  heart,’  *  and 
only  m2  mRNA'"  '''  and  protein  have  been  detected  in  heart.  Similarly,  the  majority 
of  ileal  receptors  have  an  M2  pharmacology,’’  and  m2  mRNA’’  and  protein’*  are 
the  predominant  molecular  .species  in  ileum.  As  indicated  above,  ileum  also  has  a 
functionally  defined  M3  subtype.  Small  amounts  of  m3  mRNA”  has  been  detected 
in  ileum,  but  no  m3  protein.^"  Ml  and  M3  muscarinic  receptors  arc  present  in  submaxil¬ 
lary  glands,"’  and  high  levels  of  both  ml  and  m3  mRNAs”  and  proteins’*  have  also 
been  observed.  Sympathetic  ganglia  have  both  MI  and  M2  receptor  subtypes,"  and 
both  ml  and  m2  receptor  proteins  are  present.^*  Binding  studies  have  indicated  that 
muscarinic  receptors  in  peripheral  lung  and  NG108-1 5  cells  have  a  unique  “Ml-like" 
pharmacology,  which  been  termed  the  “M4"  receptor. "  m4  mRNA  is  the  predominant 
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subtype  in  both  lung’’  and  NG108-I5  cells."  Both  m2  and  m4  proteins  are  present 
in  peripheral  lung.’" 

All  five  of  the  receptor  subtype  mRNAs  and  proteins  have  been  detected  in  the 
brain."  "  m  I  and  m4  mRNA  and  protein  are  widely  expres.sed  in  cerebral  cortc.x. 
basal  ganglia  (including  caudate-putamen),  and  hippocampus.  Thus,  these  receptors 
are  likely  to  play  major  roles  as  postsynaptic  muscarinic  receptors  in  various  cognitive 
and  motor  functions  and  are  likely  to  be  major  contributors  to  the  M )  responses  that 
have  been  measured  in  these  brain  regions  m4  mRN.\  and  protein  arc  the  most 
abundant  subtype  in  caudate-putamen,  possibly  explaining  the  anomolous  Ml-likc 
“M4’’  pharmacology  of  binding  sites  in  this  brain  region"  m2  receptor  and  protein 
predominates  in  the  brainstem  and  cholinergic  cells  of  the  basal  forcbrain  and  caudate- 
putamen.  The  distribution  of  m2  versus  m4  receptors  may  account  for  differences  in 
the  pharmacolog)'  of  cAMP  inhibition  by  muscarinic  receptors  among  brain  regions. " 
These  data  are  also  consistent  with  receptor  autoradiography  of  M2  binding  sites.'’  ’ 
Pharmacological  studies  have  indicated  M2  receptors  inhibit  acetylcholine  relea.sc,  and 
the  findingof  m2  mRNA  in  cholinergic  cells''  and  m2  protein  in  cholinergic  neurons” 
establishes  this  subtype  as  a  major  presynaptic  muscarinic  receptor.  It  should  also  be 
noted  that  both  m2  mRNA  and  protein  are  widely  expressed  by  noncholinergic  cells 
in  various  brain  regions  including  the  cerebral  cortex.'""^'  m3  mRNA  is  present 
within  the  cerebral  cortex,  hippocampus,  and  thalamus,  but  not  in  basal  ganglia."  ' 

ml  mRNA  is  expressed  by  the  majority  of  medium-sized  neurons  of  the  caudate- 
putamen  and  m4  isexpressed  by  ~  50%  of  these  neurons.  Within  the  caudate-putamen. 
the  m4  receptor  is  co-expressed  with  dopamine  receptors,  implicating  a  direct  interac¬ 
tion  with  dopaminergic  neurotransmission  and  the  control  of  dopamine-mediated 
psychomotor  function.  The  m.f  receptor  is  expres.sed  by  the  dopaminergic  neurons 
within  the  substantia  nigra  pars  compacta,  leading  to  the  suggestion  that  this  receptor 
may  be  the  muscarinic  receptor  that  mediates  direct  stimulation  of  dopamine  release 
by  acetylcholine."  A  composite  of  data  from  immunological  and  mRNA  .studies  is 
presented  in  Tabi.e  1 . 

Overall,  because  of  the  complex  expression  patterns  of  muscarinic  receptors  within 
the  brain  and  the  paucity  of  cellular  information  concerning  the  behavioral  function 
of  the  neuronal  systems  involved,  it  is  difficult  to  unequivocally  relate  individual 
receptor  subtypes  with  the  individual  behavioral  effects  of  muscarinic  drugs.  For  exam¬ 
ple,  the  antiparkinsonian  .site  of  action  of  drugs  such  as  trihexiphenidvl  is  likely  to  be 
within  the  basal  ganglia.  Since  this  drug  has  high  affinity  tor  both  m  1  and  m4  receptors 
and  both  of  these  receptors  are  expressed  by  the  basal  ganglia,  cither  or  both  of  these 
receptors  could  be  the  relevant  site  of  action. 

The  subtype-selective  targeting  of  cholinergic  agonists  for  treatment  of  Alzheimer's 
disease  is  similarly  problematic,  because  brain  regions  involved  in  cognitive  function 
express  all  five  of  the  mu.scarinic  receptor  subtypes.  Studies  in  animal  models  using 
muscarinic  antagonists  have  tended  to  discount  M2/m2  receptors,  and  considering 
their  presynaptic  location  one  would  expect  that  M2/m2  receptor  stimulation  should 
be  avoided.  On  the  other  hand,  “Ml"  selective  agonists  have  not  proven  to  be  more 
effective  in  clinical  trials  than  acetylcholine.sterase  inhibitors.  In  this  regard,  it  should 
be  noted  that  biochemical  experiments  suggest  that  these  "Ml”  agonists  are,  in  tact, 
weak  panial  agonists  with  selectivity  for  m2  /m4  receptors.  Thus  the  receptor  subty  pe(s) 
that  should  be  targeted  in  the  treatment  of  Alzheimer’s  disca.se  remains  to  be  established 
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Table  1.  Distribution  of  Muscarinic  Receptor  Subtypes  witbin  the  Brain 
and  among  Peripheral  Tissues 


ml 

m2 

m? 

m4 

m5 

Brain 

Cerebral  corte.x 

+  +  +  + 

+  + 

4  4 

4 

4 

Striatum 

+  +  +  + 

+  + 

4 

4  4  4 

Thalamus 

+  +  -1- 

4  4-^ 

4 

4  4 

Brainstem  and  cerebellum 

+  +  4  + 

4 

Hippocampus 

+  +  +  + 

4  +  + 

4  4 

4 

4  4 

4  4 

Olfactorv'  tubercle 

+  +  +  + 

4  4 

4 

4  4  4 

Substantia  Nigra  (DA) 

+  +  + 

Basal  forebrain  (ACH) 

4  4  4  4 

4  4 

Peripheral  Tissues 

Sympathetic  ganglia 

-V  + 

4  4  4  4 

\'as  deferens 

+  +  + 

4  4 

Submaxillary  gland 

+  + 

4  4 

4  4  4 

Atrium 

4  4  4  *r 

Peripheral  lung 

-f 

4  4  4 

4 

4  4 

Uterus 

4  4  4 

4 

4 

Ileum 

4  4  4 

* 

4 

Data  are  collected  from  immunoprecipitations’'  tnjtrt/ hybridization  histochemistry.'' ’’  and  immu- 
nocytochemistrv  •”  DA  refers  to  dopamine-containing  neurons,  ACH  refers  to  acetylcholine-containing 
neurons. 


Because  of  their  discrete  patterns  of  expression,  the  m4  and  m5  receptors  represent 
compelling  therapeutic  targets.  Within  the  periphery,  expression  of  the  m4  receptor 
is  most  prominent  in  the  lung  Since  Ml-selective  drugs  are  useful  in  the  treatment 
of  a,sthma,  an  m4-selective  antagonist  may  avoid  ml-mediated  side  effects  (e.g.,  in 
sympathetic  ganglia).  Similarly,  mf  has  a  very  limited  distribution  within  the  brain. 
If  the  mJ  receptor  is  the  one  responsible  for  enhanced  release  of  dopamine,  then  this 
receptor  may  be  a  useful  target  for  therapeutic  modulation  of  dopaminergic  tone  (e.g. 
in  Tourette’s  syndrome  and  schizophrenia). 


STRUCTURAL  FEATURES 

The  N-terminal  regions  of  all  the  muscarinic  receptor  subtypes  have  sites  tor 
N-linked  glycosylation.  Removal  of  these  sites  by  point  mutations  does  not  influence 
ligand  binding  or  levels  of  receptor  in  the  membrane.'"  Similarly,  replacement  of  the 
entire  N-terminal  region  of  the  ml  receptor  (spanning  the  sites  of  N-linked  glycosyla¬ 
tion)  with  various  unrelated  set^uences  has  little  effect  on  ligand  binding  and  levels  of 
receptor  in  the  membrane  (Jorgensen,  Hill-Eubanks,  and  Brann,  unpublished  observa¬ 
tions). 

Muscarinic  receptor  subtypes  can  be  differentiated  based  on  their  selectivities  for 
G-proteins  and  functional  responses.  For  example,  the  ml,  ml,  and  mf  receptors 
selectively  couple  with  a  pertu.ssis  toxin  (PTX)  insensitive  G-protein  to  stimulate  pho.s- 
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pholipase  C,  while  nn2  and  m4  selectively  couple  with  a  PTX-sensitive  G-protein  that 
inhibits  adenylyl  cyclase.  The  m2  and  m4  receptors  also  weakly  stimulate  phospholipase 
C  via  a  PTX-sensitive  G-protein.  These  receptors  can  also  be  classified  based  on  which 
ion  channels  they  modulate.  Briefly  ml ,  m3,  and  m5  open  Ca’ * -dependent  potassium- 
channels  and  inhibit  the  m-current  via  PTX-insensitive  G-proteins,  while  m2  and  m4 
open  non-specific  cation  conductances  and  inwardly  rectifying  potassium  conductances 
and  inhibit  calcium  conductances  via  PTX-sensitive  G-proteins.’  ’ 

Chimeric  muscarinic  receptors  have  been  constructed  in  which  individual  epitopes 
have  been  exchanged  between  subtypes  that  differ  in  their  functional  selectivities. 
Chimeras  between  ml  and  m2  receptors  were  constructed  and  expressed  in  oocytes 
where  selective  coupling  to  electrophysiological  responses  were  examined.  These  stud¬ 
ies  demonstrated  that  the  third  cytoplasmic  loop  (13)  was  sufficient  to  define  functional 
selectivity  for  ion  channels,  while  the  C-terminus  of  the  receptor  did  not  qualitatively 
influence  electrophysiological  responses.  In  contrast  to  the  importance  of  the  i3  loop 
in  defining  functional  selectivity,  this  region  had  no  effect  on  the  selectivities  of  these 
receptors  for  ligands."^ 

Chimeras  between  m2  and  m3  receptors  were  constructed  and  expressed  in  mamma¬ 
lian  cel''  where  selective  coupling  to  G-proteins  and  biochemical  responses  were  exam¬ 
ined.  iiiese  studies  confirmed  a  critical  role  of  the  i3  loop  in  defining  functional 
responses,  and  the  lack  of  influence  of  the  C-terminus.  These  studies  also  demonstrated 
that  the  N-terminal  region  of  the  i3  loop,  proximal  to  TM.3,  was  critical  in  defining 
coupling  selectivity The  latter  results  are  consistent  with  data  from  experiments 
that  employed  deletion  mutants.  These  experiments  have  shown  that  only  regions 
proximal  to  the  TM  domains  are  involved  in  coupling  to  G-proteins.^'*  A  critical  role 
for  the  N-terminus  of  the  i3  loop  has  recently  been  extended  to  electrophysiological'" 
and  calcium  responses'"’  by  expressing  very  similar  m2/m3  chimeras  in  oocytes.  In 
studies  of  chimeric  beta-adrenergic/muscarinic  receptors,  it  was  observed  that  both 
the  N-terminal  region  of  i3  and  the  i2  loop  must  be  exchanged  to  reverse  the  functional 
phenotype.'*' 

Muscarinic  receptors  can  be  classified  based  on  their  differential  sensitivities  to 
various  ligands.  In  fact,  the  first  compelling  evidence  for  the  existence  of  multiple 
muscarinic  receptor  subtypes  came  from  the  demonstration  that  muscarinic  receptors 
expressed  by  brain  have  hi^er  affinity  for  the  antagonist  pirenzepine  than  those 
expressed  by  heart.'  Analysis  of  the  affinity  profiles  of  many  muscarinic  antagonists 
indicates  that  they  can  be  divided  into  families  based  on  their  selectivities  among  the 
subtypes.  For  example,  trihexyphenidyl,  pirenzepine,  and  derivatives  such  as  UH-AH 
37  have  higher  affinity  for  the  ml  and  m4  receptor  than  for  the  other  subtypes.  On 
the  other  hand,  himbacine,  methoctramine,  and  derivatives  of  AF-DX  1 1 6  have  much 
higher  affinity  for  m2  and  m4  than  for  m5  receptors"';  a  similar  profile  of  relative 
selectivity  for  the  individual  subtypes  has  been  observed  for  the  allosteric  antagonist 
gallamine."'*  While  much  less  is  known  about  agonist  interaction  with  the  receptors, 
many  agonists  have  higher  potency  and  efficacy  at  the  m2  and  m4  receptors.* 

To  investigate  which  epitopes  within  the  receptor  contribute  to  the  subtype  selectiv¬ 
ity  of  ligands,  the  binding  properties  of  several  chimeric  m2/m3  and  m2/m.^  receptors 
have  been  investigated.  As  indicated  earlier,  exchange  of  the  i3  loop  between  m2  and 
m  3  receptors  does  not  influence  antagonist  affinity,  but  docs  reverse  the  relative  affinirv 


BRANN  et  at.-.  MUSCARINIC  ACETYLCHOLINE  RECEPTORS 


231 


for  some  agonists.^*’  Analysis  of  the  series  of  chimeric  m2/m5  and  m2/m3  receptors 
has  demonstrated  that  multiple  regions  contribute  the  subtype  selectivity  of  several 
antagonist  ligands,  and  these  ligands  can  be  classified  according  to  which  regions  contrib¬ 
ute  to  binding  selectivity. For  example,  himbacine  and  AQ-RA  741  have  a  very 
similar  binding  profile  among  the  chimeras,  suggesting  that  they  recognize  similar 
struaural  epitopes.  The  high  affinity  of  both  of  these  drugs  for  m2  receptors  is  highly 
dependent  on  the  N-  and  C-terminal  regions.  On  the  other  hand,  the  higher  affinity 
of  UH-AH  37  for  mJ  receptors  is  largely  defined  by  differences  within  the  TM6 
and/or  third  outer  loop,  a  region  that  does  not  influence  the  binding  of  the  former 
compounds.  This  same  region  defines  the  subtype  seleaivity  of  the  allosteric  antagonist 
gallamine,  in  spite  of  the  fact  that  gailamine  and  UH-AH  3  7  have  divergent  seleaivities 
among  the  wild-type  subtypes.’® 


Amino  Acids  Involved  in  Ligand  Binding 

Labeling  with  covalent  ligands  and  site-directed  mutagenesis  have  been  used  to 
identify  amino  acids  within  the  muscarinic  receptors  that  contribute  to  ligand  binding. 
[’Hlpropylbenzilylcholine  mustard  (PBCM)  covalently  attaches  to  muscarinic  receptors 
through  its  ammonium  headgroup.  By  sequencing  fragments  of  purified  muscarinic 
receptors  that  have  bee"  '  *  fled  with  this  ligand,  its  primary  attachment  site  has  been 
shown  to  be  an  aspartic  acid  in  TM3.”  Using  similar  methods,  a  muscarinic  agonist 
has  been  shown  to  attach  to  the  same  amino  acid.  '^  A  critical  role  of  this  amino  acid 
in  ligand  binding  has  been  confirmed  using  site-direaed  mutagenesis,  as  substitutions 
at  this  position  disrupt  binding.”  The  observation  that  an  ammonium  headgroup  is 
a  critical  feature  of  most  muscarinic  ligands”  suggests  that  formation  of  an  ionic  bond 
between  the  ammonium  headgroup  and  the  aspanic  acid  of  TM3  may  be  a  general 
feature  of  ligand  binding  to  muscarinic  receptors. 

Examination  of  the  TM  domains  of  the  five  muscarinic  receptors  indicates  a  series 
of  threonine  and  tyrosine  residues  which  are  identical  for  the  five  muscarinic  receptor 
subtypes,  but  are  not  conserved  in  other  G-protein  coupled  receptor  sequences.  The 
hypothesis  that  these  amino  acids  may  contribute  lo  tec  binding  of  muscarinic  ligands 
was  tested  by  substituting  phenylalanine  and  alanine  for  the  tyrosine  and  threonine 
residues,  respectively.  The  working  hypothesis  was  that  one  or  more  of  the  hydroxyl 
groups  contributed  by  one  or  more  of  these  amino  acids  would  form  a  hydrogen 
bond  with  the  ester  group  of  acetylcholine.  A  tyrosine  and  a  threonine  located  in 
TM5  and  6,  respectively  fihe  TM’s  that  bound  the  i3  loop),  had  the  most  dramatic 
effects  on  decreasing  agonist  binding  and  activation  of  PI  metabolism.  None  of  these 
substitutions  had  any  effect  on  antagonist  binding.”  However,  too  many  of  the  substitu¬ 
tions  selectively  reduced  agonist  affinity,  for  the  results  to  be  interpreted  as  being  due 
solely  to  direct  interactions  between  the  ligand  and  the  individual  residues  (e  g.  hydro¬ 
gen  bonding  to  the  ester  region).  Molecular  models  of  a  muscarinic  acetylcholine 
receptor  that  are  based  on  the  structure  of  bacteriorhodopsin,”  suggest  that  the  major 
role  of  these  multiple  hydroxyl-containing  amino  acids  may  be  to  stabilize  the  aspartate 
of  TM3,  and  that  it  is  this  stabilization  that  influences  agonist  binding.' 
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FIGURE  2.  Model  of  agonist  aaivaiion  of  a  muscarinic  receptor.  I  hc  amino  acids  that  strongly 
influence  agonist  binding  are  marked:  Asp  (D)  of  TM3,  Thr  (T)  of  TM.L  and  Tyr  (Y)  of  TM6 
Agonist  binding  leads  to  a  conformational  change  in  the  i3  loop  I'he  N-terminal  region  ol  the  i.3 
loop  is  a  continuation  of  the  TM5  alpha  helix  Conserved  residues  that  contribute  to  G-protein 
coupling  arc  indicated.  The  C-tcrminal  region  of  the  i3  loop  was  also  involved  in  Ci-protcin  coupling 
The  critical  residues  arc  shown.  The  funaionally  critical  residues  of  the  N-  and  C-tcrminai  regions 
of  the  i3  loop  are  predicted  to  face  each  other  Agonist  binding  (acetylcholine,  ACH)  mav  alter  the 
conformation  of  TM5  relative  to  TM6  and  consequently  lead  to  a  conformation  of  the  t3  loop  that 
activates  G-protcins 
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Amino  Acids  Involved  in  G-protein  Coupling 

In  order  to  identify  specific  residues  within  the  i?  loop  that  contribute  to  G-protein 
coupling,  we  subjected  the  20  amino  acids  adjacent  to  the  TM  5  to  random-saturation 
mutagenesis  (a  region  that  defines  G-protein  coupling  selectivity,  see  above).  Analysis 
of  the  pattern  of  amino  acids  rhat  are  resistant  to  mutation  would  lie  on  a  functional 
face  of  this  helix  (Hill-Eubanks,  Jorgensen  and  Brann,  unpublished  observations).  These 
findings  are  consistent  with  computational  predictions  based  on  primary  sequence. 
Computational  models  predict  the  presence  of  a  helix  within  analogous  regions  (N- 
terminal  region  of  the  i3  loop)  of  several  G-protein  coupled  receptors.'"  Based  on 
these  data,  we  propose  the  model  of  agonist  activation  of  muscarinic  receptors  that 
is  drawn  in  Figure  2 . 
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INTRODUCTION 

Activation  of  muscarinic  acetylcholine  receptors  (mAChRs)  induces  a  great  variety 
of  ionic  conductance  changes  in  different  cell  types.  These  include  opening  or  closing 
of  K  channels,  opening  of  cation  channels,  closing  of  Ca  ch.iniuK.  and  opening  or 
closing  of  (.1  channels.'  This  variation  in  response  arises  frui'  i  principal  factors: 

“  rhis  work  was  supported  bv  grams  from  the  Japanese  Mlnistrs  o:  ;  l.a.ition.  Science  and 
Culture  and  from  the  United  Kingdom  .Medical  Research  ('.ouncil 
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different  cells  possess  different  types  of  ion  channels  and  different  cells  also  express 
different  genetic  variants  (subtypes)  of  mAChR,  which  may  not  couple  with  equal 
facility  to  any  given  ion  channel. 

One  approach  to  studying  the  coupling  preferences  of  different  subtypes  is  to 
express  the  individual  genes  in  different  cells  equipped  with  appropriate  ion  channels 
and  then  determine  which  receptor  most  effectively  opens  or  closes  the  ion  channel 
in  question.  While  this  does  not  necessarily  duplicate  precisely  what  happens  in  a 
normal  cell  expressing  multiple  receptor  subtypes  and  multiple  channel  types,  it  is 
useful  in  laying  down  some  of  the  ground  rules  for  coupling  preferences,  upon  which 
further  tests  on  normal  cells  can  be  based. 

Thus  far.  five  genetic  subtypes  of  mAChR.  denoted  ml  through  m.^.  have  been 
cloned  and  expressed"'^  and  membrane  ionic  responses  to  individual  subtypes  recorded 
in  oocytes’'^  and  in  several  cell  lines;  neuroblastoma  hybrid  cells.  "  fibrobla.sts.' 
epithelial  cells,’’  secretory  cells,''  and  insect  cells.''' 

In  this  paper  we  evaluate  the  information  so  far  yielded  about  coupling  preferences 
and  possible  transduction  mechanisms  from  experiments  on  two  neural  cell  lines 
(NGI08-15  neuroblastoma  x  glioma  hybrid  cells  and  NL 508  neuroblastoma  x  fibro¬ 
blast  hybrids)  that  have  been  stably  transfected  with  D\'A  for  ml ,  m2,  m3,  and  m4 
mAChRs,  and  consider  to  what  extent  this  might  be  representative  of  equivalent 
coupling  processes  in  mammalian  nerve  cells. 


NG108-15  NEUROBLASTOMA  x  GLIOMA  HYBRID  CELLS 

When  differentiated  (by  cyclic  AMP  or  a  cyclic  AMP-generating  system),  these 
cells  extend  neuritic  procc.sses,  become  electrically  excitable,  and  express  a  variety  of 
neuron-related  ionic  currents. "■"*  They  al.so  express  a  low  level  of  endogenous 
m.AChRs  corresponding  to  the  genetic  m4'  or  pharmacological  Mj''-"  subtype 
amounts  of  endogenous  receptor  expression  are  around  100  tmoles/mg  protein  or 
.<■-10  X  10'  receptors  per  cell.'" 

In  the  present  experiments,  cells  were  transfected  with  cDNAs  or  genomic  DNA 
for  pig  ml,  m2,  or  m3  receptors  or  rat  m3  and  m4  receptors,  to  express  additional 
receptors  to  a  level  between  3  and  10  times  that  of  the  endogenous  mAChR  T  he 
identity  of  these  additional  receptors  was  verified  at  the  mRNA  level  using  specific 
probes'  and  also  at  the  receptor  level  using  specific  displacement  of  l'H]N- 
methylscopolamine  (NMS)  binding 

The  principal  results  obtained  when  these  transformed  cells  were  challenged  with 
ACh  or  other  mAChR  stimulants'  are  summarized  in  Eigl  rk  1  Both  biochemic.il 
and  elect rophysiological  effects  fell  into  two  broad  categories:  (/)  (iells  transformed 
to  express  ml  or  m  3  mAChRs  responded  with  increased  inositol  phosphate  production, 
increased  intracellular  Ca  and  activation  of  a  Ca-dependent  K  current  (L.t.,,),  and 
inhibition  of  a  voltage-gated  K  current  Iki.mi-  All  three  effects  were  resistant  to  Pertussis 
toxin  (PTX)  None  of  these  effects  were  seen  in  non-transformed  cells  or  in  cells 
transformed  to  express  m2  or  additional  m4  receptors 

(2)  Non-transformed  cells  (expressing  endogenous  m4  receptors)  responded  w  ith 
a  reduced  PGEi-stimulated  cyclic  AMP  production’’  and  inhibition  of  a  specific 
0)-conotoxin-scnsitivc  component’’  of  voltage-gated  Ca-current  li.„s,  (see  belovs) 
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These  responses  were  significantly  greater  in  cells  expressing  additional  m2  or  m4 
receptors,  but  not  in  those  expressing  additional  ml  or  m 3  receptors.  Inhibition  of 
Io,M  was  totally  prevented  by  PTX. 

The  three  membrane  current  resjxmses— activation  of  lK((.ai,  inhibition  of  Ikimi. 
and  inhibition  of  Ia(N)— and  possible  transduction  pathways  leading  to  their  inhibition, 
will  now  be  considered  in  more  detail. 


Activation  of  Ca-dependent  K  Current  (h/cjn) 

This  may  be  most  simply  attributed  to  the  generation  of  Ins-1 ,4,5'-?:  and  subse¬ 
quent  release  of  Ca  ions  from  intracellular  stores,  for  three  reasons- 

(/)  As  indicated  in  Figure  1,  only  those  receptors  (ml  and  m3)  whose  stimulation 
led  to  an  increased  inositol  phosphate  production  activated  Irk  ji 

(2)  As  shown  in  Figure  2  (see  also  Nehcrrta/."),  the  outward  current  was  accompa¬ 
nied  by  a  rise  in  intracellular  (CaJ.  (In  fact,  the  outward  current  slightly  preceded  the 
recorded  rise  in  somatic  [Ca),  by  about  0.6  sec  on  average,’’  but  this  may  be  attributed 
to  differences  between  submembrane  and  recorded  mean  somatic  levels).  Further, 
when  the  rise  in  [Ca]  was  suppressed  by  intracellular  BAPTA  (20  mM)  or  extracellular 
BAPTA/AM  (100  HM),  then  so  was  the  outward  current. ■' 

(i)  Similar  changes  in  intracellular  [Ca]  and  membrane  current  were  observed  after 
intracellular  application  of  Ins-1 ,4,5-P:.”  When  the  effects  of  intracellularly  applied 
Ins-1, 4, 5-P)  were  prevented  (e.g.,  by  adding  1  mM  heparin  to  the  pipette  or  in  the 
continued  presence  of  a  high  concentration  (100  pM)  of  Ins-I,4,5-P;J  then  so  was 
the  response  to  external  ACh,’’ 

Overall,  the  effects  of  ACh  on  ml-  and  m3-transformed  NG108-15  cells  closely 
resembles  that  of  non-transformed  cells  to  bradykinin  (BK)  reported  previously.-' 
Indeed,  considerable  cross-desensitization  between  ACh-  and  BK-induced  outward 
currents  can  be  observed  at  the  level  of  the  Ins- 1 ,4, 5-Pi/Ca-release  mechanism,  resulting 
from  depletion  of  internal  Ca  stores'  :  this  strongly  suggests  a  common  pathway. 
Further,  effects  of  both  ACh  and  BK  are  mediated  by  a  PTX-insensitive  G-protein 
This  may  be  Gq/Gu  since  BK-induced  inositol  phosphate  production  in  NG108-1.5' 
cells  is  attenuated  by  antibodies  to  G./Gn,-'*  and  there  is  a  preliminary  report'"  to  the 
effect  that  the  BK-induced  outward  current  may  be  reduced  by  these  same  antibodies. 


Inhibition  of  the  Voltage-dependent  M  Current  (IkimiI 

Ik(M)  is  a  non-inactivating  time-  and  voltage-dependent  K  current  activated  between 
rest  potential  and  0  mV.  Its  propenies  in  NG108-15  cells,  recently  described  in  some 
detail,"  closely  resemble  those  of  the  equivalent  current  originally  reported  in  sympa¬ 
thetic  neurons.'^  As  in  sympathetic  gan^ion  cells,  inhibition  of  1k(,m)  in  NG108-15 
cells  induces  a  net  inward  current  at  steady-state  (Fig.  3,  a)  and,  in  undamped  cells, 
a  depolarization  and  increa,sed  excitability  (Fig.  3,  1>).  Inhibition  of  I^m,  accounts  for 
the  second  pha.se  of  inward  current  following  the  initial  outward  (Ca- activated)  current 
on  application  of  ACh  to  m  1  -  or  m3-transformed  cells  (see  Fig.  2  and  Fukuda  er  al.  ). 
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FIGURE  1.  Summary  of  cfft-cts  of  mACihR  stimulaiion  in  control  and  transfornicd  NGlOH-li 
cells  Histograms  show  (from  Irnttom  to  top):  specific  |'Hl-(  -  Icjuinuclidinyl  hcnrilate  (QNB)  liinding 
fmolcs/mg  protein^  total  inositol  phosphate  production  (as  fraction  of  resting  production)  induced 
by  lO-min  incubation  with  I  mM  carbachol';  %  depression  of  peak  Ca  current  amplitude  In  I  m.W 
ACh'.  and  %  inhibition  of  the  voltage-gated  K  current  Ikim,(  =  U,)"’ Bars  show  s  cm  ★  =  Significant 
diflference  from  control  (non-transfected  con)  cells 
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FIGURE  2.  Changes  in  membrane  current  (upper  records)  and  intracellular  [CaJ  (lower  records) 
during  applications  of  100  pM  ACh  to  an  ml -transformed  NG108-1 5  cells  Records  were  obtained 
using  patch-electrodes  containing  100  pM  Indo-I  plus  100  pM  BAPTA  (see  Robbins  et  at.''  for 
experimental  details).  (Upper  trace)  ACh  induced  an  initial  outward  current  r'’'ulting  from  activation 
of  1k((4'  ILawer  trace)  Obtained  after  several  applications  of  ACh,  the  initial  outward  current  had 
dissipated  leaving  only  an  inward  current  resulting  from  inhibition  of  Isoi. 

The  “Messenger" for  IkiM)  Inhibition 

There  is  clearly  a  close  relation  between  the  ability  of  receptors  to  inhibit  1k,m, 
and  their  effectiveness  in  activating  phospholipase  C,  in  the  sense  that  both  are  affected 
by  the  sane  type  of  receptor  (ml  or  m3  mAChR  or  BK).  However,  the  precise  link 
between  these  two  responses  (if  any)  is  not  yet  clear.  Some  of  the  key  experiments 
leading  to  this  uncertainty  arc  summarized  in  Figure  4. 

Thus,  neither  Ca  nor  lns-1 ,4..t-P,  arc  likely  to  be  the  "messenger"  for  several 
reasons.  Inhibition  of  Ikimi  persists  when  the  release  of  Ca  and/or  activation  of  Ikh  „ 
is  suppressed  or  attenuated  by  such  procedures  as  repeated  application  of  ACh  (which 
“de,sensitize.s”  the  Ca  release  process)  or  buffering  internal  Ca  with  20  mM  BAPl'A 
(Fig.  4),  Even  when  Ca  release  is  recorded,  inhibition  of  Ikimi  may  precede  the  rise  in 
Ca  by  several  seconds,  as  in  Figure  2  Internal  application  of  Ins-1 ,4,  .f-Pi  at  concentra¬ 
tions  up  to  100  pM  does  not  inhibit  Ikim,  nor  does  it  prevent  the  subsetjuent  inhibition 
of  Iki.sii  by  ACh  (Fig.  4),  even  though  it  di  .  .nhibit  the  activation  of  1k„  „  by  .ACh 

As  an  alternative,  we  have  previously  suggested  that  diacylgivcerols  arising  in 
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FIGURE  3-  Responses  of  m  1 -transformed  NG108-I5  cells  to  100  pM  ACh  recorded  under  (a) 
voltage-clamp  and  (b)  current  clamp,  (a)  The  cell  was  held  at  -  30  m\'  and  commanded  to  -  nO 
mV  for  1  sec  each  30  sec  ACh  induced  an  inward  current  at  -  30  mV  due  to  inhihition  of  Ic,u, 
this  is  reflected  by  the  reduced  amplitude  of  the  current  transients  during  each  1  sec  h\  [K’rpolariring 
step  (b)  ACh  produced  a  depolari2ation  at  the  resting  potential  of  -  SO  mV  and  induced  repetitive 
spike  discharges  following  each  hyperpolanzing  step.  (Note  that  DC  current  w  as  applied  during  the 
application  of  ACh  in  b  to  limit  the  depolarization  ) 
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FIGURE  4.  Partial  summary  of  some  tests  on  Ik.mi  inhibition  by  ACh  in  m  I  -transformed  NG 1 08- 1 3 
cetlsd'  Each  block  shows  the  mean  %  inhibition  of  1k(Mi  produced  by  100  pM  ACh  in  patch-clamped 
cells.  (Bars  show  s.e.m  ;  number  of  cells  in  brackets)  Patch  electrodes  normal’s  contained  3  m,\I 
EGTA.  In  the  second  block,  this  was  replaced  with  20  mM  BAPTA  In  the  third  block,  100  p.\l 
lns-l,4,5-Pi  was  added  to  the  pipette  solution  In  the  founh  block,  2  pM  staurosporin  was  added 
to  the  bathing  solution.  Note  that  none  of  these  procedures  reduced  the  inhibition  of  1k,\i„  although 
both  20  mM  intra-pipette  BAPTA  and  100  pM  intra-pipette  lns-l.4,f  P,  suppressed  the  initial 
activation  of  1k<(  j,  by  ACh 

parallel  with  inositol  phosphates  from  phospolipase  C  stimulation  might  be  responsible 
for  Iki.m)  inhibition,  on  the  basis  that  exogenous  diacylgiycerols  or  other  activators  of 
protein  kinase  C  (PKC),  such  as  phorbol  dibutyrate,  could  also  inhibit 
However,  recent  observations  do  not  support  this  pathway  as  an  obligatory  step  in 
Iki.M)  inhibition  since  inhibition  of  PKC  with  staurosporin  (Fig.  4)  or  dow  n-regulaiiun 
by  pretreatment  with  phorbol  dibutyrate  did  not  significantly  impair  the  effect  of 
ACh.^’ 

A  key  question  then  is  whether  a  cytosolic  or  diffusible  messenger  is  really  required 
at  all  or  whether  instead  K(M)-channel  closure  might  be  mediated  by  some  more  local 
interaction  between  the  activated  G-protein  and  the  channel.  We  have  attempted  to 
test  this  by  recording  single  K{M)  channels  using  cell-attached  patch  electrodes  and 
then  stimulating  receptors  outside  the  patch,  in  the  manner  previously  applied  to 
sympathetic  neuron  K(M)  channels.'''  Channels  with  an  appropriate  time-  and  voltage- 
dependence  could  be  detected  in  a  proportion  of  such  patches,  showing  sustained 
activity  on  depolarizing  some  JO  mV  from  rest  potential  (Fig.  S).  E.xtra-patch  applica- 
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FIGURE  S.  EtFccts  of  exira-patth  application  of  10  pM  niuscarinc  on  single  KlMKhannel  aetivitv 
recorded  with  a  cell-attached  patch  electrode  from  an  m  1 -transformed  NCi  108- 1  t  cell  See  Selyanko 
rt  al.'^  for  methodology  The  patch-pipette  was  tilled  with  Krehs'  solution  containing  2  ^  niM  K 
with  100  nM  apamin  and  10  nM  charybdotoxin  (to  block  Ca-aetivated  channels)  and  tOO  n.M 
tetrodotoxin  (to  block  Na  channels)  Fhe  patch  was  held  at  10  mV  depolarised  to  rest  potential 
The  bathing  fluid  contained  25  niM  K  (to  prevent  any  deptilari/ing  efl'ect  of  the  muscarine' ‘)  and 
0  (Ca|  with  raised  (Mg[,  to  prevent  Ca  entry  Records  show  (from  top  to  bottom)  10  sec  control 


BROWN  eta/.;  MUSCARINIC  RECEPTOR  SUBTYPES 


245 


tion  of  muscarine  then  clearly  inhibited  channel  activity.  This  indicates  that  some 
remote  signaling  between  extra-patch  receptors  and  intra-patch  channels  can  indeed 
occur,  thou^  whether  this  is  an  absolute  requirement  for  channel  closure  is  not  yet 
known.  Further  experiments  on  isolated  patches  may  clarify  this. 


Inhibition  of  the  Voltage-gated  Ca  Current  (Icmt) 

ACh  can  reduce  the  amplitude  of  the  composite  voltage-activated  Ca  current  in 
non-transfected  cells  through  activation  of  the  endogenous  m4/M4  receptors.’  This 
complicates  the  assessment  of  the  relative  efficiencies  of  the  different  exogenous  recep¬ 
tors  in  inhibiting  Ica.  However,  the  inhibitory  effect  of  ACh  was  clearly  and  consistently 
increased  in  cells  transformed  to  express  exogenous  m2  receptors,  but  was  not  signifi¬ 
cantly  increased  in  cells  expressing  ml  or  m3  receptors.’  From  this  we  conclude  that 
both  m2  and  m4  mAChRs  can  inhibit  lo,  though  their  relative  effectiveness  is  difficult 
to  ascertain. 


Identity  of  the  Inhibitable  Current 

The  component  of  Ca  current  inhibitable  by  ACh  (or  noradrenaline)  can  be  clearly 
identified  as  that  component  of  hi^-threshold  current  inhibitable  by  co-conotoxin.’’ 
Although  kinetically  different  from  that  current  originally  designated  the  “N”  current,” 
we  may  therefore  refer  to  the  current  as  I<:a<Ni  for  convenience.  This  designation  is 
important  because  this  component  of  Ca  current  probably  corresponds  to  that  in 
nerve  terminals  responsible  for  the  charge  of  Ca  necessary  to  release  transmitter.''’ 
Hence,  the  effects  seen  in  NG108-15  cells  may  be  relevant  to  feedback  inhibition  of 
transmitter  release. 


Nature  of  the  G  Protein  Lmk 

Inhibition  of  lo  by  both  exogenous  m2  and  endogenous  m4  receptors  is  totally 
prevented  by  PTX.  Three  principal  species  of  PTX-sensitive  G-protein  alpha  subunits 
can  be  identified  in  NG108-15  cells:  a.2,  a.i,  and  a„.”  ”  To  test  which  might  be 
most  effective  in  coupling  endogenous  m4  mAChRs  to  Ca  channels,  we  overexpressed 
a, 2,  a,i,  and  a„A,  plus  a,i  (which  is  normally  undetectable  in  NG108-15  cells)  by 
DNA  transfection.’"'"  Transfected  cells  showed  about  twofold  higher  levels  of  immu- 


activity;  activity  1  min  after  adding  10  nM  muscarine  to  the  solution  bathing  the  cell,  a.nd  activity 
2  min  after  removing  muscarine.  The  top  record  shows  an  expanded  segment  of  control  actit  i'y 
Channels  were  identified  as  K(M)  channels  by  their  voltage  dependence  and  by  the  time  dependence 
of  averaged  currents  during  step  depolarizations.”  (A.  A.  Selyanko  &  J.  Robbins,  unpublished  results ) 
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noreactive  peptide  in  each  case,  indicating  that  each  exogenous  a  subunit  was  expressed 
to  about  the  same  level.""  The  effects  of  this  overexpression  are  summarized  in  Figure 
6.  Cells  overexpressing  either  a,j  or  Ooa,  but  not  those  overexpressing  a,,  or  a, 2, 
showed  a  significant  increase  in  inhibition  of  lo  by  ACh,  This  accords  with  previous 
experiments  suggesting  that  the  inhibition  of  lc,a  in  NGlOS-lJ  cells  by  opiates'*’  and 
noradrenaline"*’  is  mediated  by  Qo  in  preference  to  a.i  or  a,;. 

Several  recent  studies  have  indicated  that  there  is  appreciable  specificity  in  the 
choice  of  G-protein  linking  different  receptors  to  Ca  currents,  with  the  following 
pairings:  in  rat  dorsal  root  ganglion  cells,  neuropeptide  Y  selects  a„  in  preference  to 
a,  whereas  bradykinin  receptors  can  couple  to  both  a„  and  a,i  2,!"*"*;  in  GH?  cells, 
muscarinic  receptors  couple  to  ttoA  whereas  somatostatin  receptors  couple  to 
and  in  NG 108-1 5  cells,  opiate  and  noradrenaline  a2  receptors  couple  to  a<,A  whereas 
somatostatin  receptors  do  not.""'  Thus,  the  present  data  provide  a  funher  example, 
by  suggesting  that  muscarinic  m4  receptors  can  couple  to  both  a„A  and  a,j,  but  not 
to  a, 2  or  a,i. 

A  second  point  of  interest  was  that  cells  expressing  exogenous  a  ■  showed  a  signifi¬ 
cantly  reduced  inositol  phosphate  response  to  bradykinin  (Fig.  6).  Since  this  effect 
was  not  prevented  by  PTX  (which  ADP-ribosylates  a/p/y  complexes),  it  indicates 
that  activation  of  phospholipase  C  by  BK  (and  possibly  by  m  1  or  m3  mAChRs)  might 
be  affected  by  excess  free  a,i  subunits,  which  may  be  cytosolically  located. "* 


NL308  NEUROBLASTOMA  x  FIBROBLAST  HYBRID  CELLS 

Our  reason  for  testing  mAChR  ion  channel  coupling  in  these  cells  is  that  Chalazon- 
itis  et  al.*^  reported  that  they  were  hyperpolarized  by  ACh,  through  atropine-sensitive 
(i.e.,  muscarinic)  receptors,  and  that  this  hyperpolarization  was  due  to  an  increased 
K  conductance.  Since  the  endogenous  mAChR  in  NL308  cells  as  judged  from  RNA 
blot  hybridizations  appears  to  be  the  same  as  that  in  NG108-15  cells  (i.e.,  m4),  and 
since  no  such  hyperpolarization  occurs  in  NGIO8-1 5  cells,  this  suggested  that  NL308 
cells  might  exhibit  a  different  coupling  pathway  between  mAChRs  and  K-channels 
than  that  in  NG108-15  cells. 

Accordingly,  NL308  cells  were  transfected  with  DNA  for  ml,  m2,  m3,  and  m4 
receptors  as  described  previously^  and  clones  expressing  significantly  increased 
(’H|QNB  binding  selected  for  further  study."*’  Some  of  the  principal  results  are  summa¬ 
rized  in  Figure  7.  The  following  points  should  be  noted. 

As  in  NGI08-15  cells,  only  cells  transformed  to  express  exogenous  ml  or  m3 
receptors  showed  an  increased  inositol  phosphate  production  when  challenged  with 
a  choline  ester.  This  was  not  due  solely  to  different  receptor  numbers  since  the  number 
of  expressed  m2  and  m3  receptors  were  not  significantly  different,  but  stimulation  of 
m2-transformed  cells  did  not  detectably  increase  inositol  phosphate  production. 

Unlike  NG108-15  cells,  an  outward  K  current  could  be  generated  by  applying 
ACh  to  cells  from  all  four  subclones,  i.e,,  to  cells  expressing  all  four  mAChRs.  The 
mean  amplitude  of  this  outward  current  (in  responding  cells)  varied  approximately  in 
proportion  to  the  receptor  density  in  each  subclone. 

However,  the  responses  of  m2-  or  m4-transformed  cells  differed  from  those  of 
ml-  or  m3 -transformed  cells  in  three  significant  respects.  First,  m2/m4-transformcd 


FIGURE  6.  Effects  of  G-protcin  alpha  suhunit  overexpression  Induced  by  DNA  transfection  on 
responsesof  NG108-1 5  cells  to  stimulation  of  endogenous  m4  mAChRs  and  liradvkinin  receptors  /'  * 
Results  are  shown  for  non-transfected  cells  and  fttr  two  clones  transfected  with  DNA  for  a,;,  three 
clones  with  a,;,  two  clones  with  0,i.  and  two  clones  with  a,.  Histograms  show  (from  bottom  to 
top):  Ins-P,  formation  by  10  pM  bradykinin  <BK)  for  10  sec  (expressed  as  a  ratio  of  that  formed 
in  control  cells  not  exposed  to  BK)i  mean  amplitude  (nA)  of  the  initial  outward  current  ls,i  „  produced 
by  focal  application  of  10  pM  BK  in  ?  pi  cjcrtion  volume;  the  mean  %  inhibition  of  the  high-threshold 
Ca  current  produced  by  focal  application  of  I  mM  AGh  in  5  pi  ejection  volume  Each  block  shows 
mean  data  for  each  clone;  bars  give  s.e  m  *  Significant  difference  from  non-transfected  controls 
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C  ml  m2  m3  m4 


FIGURE  7.  Effects  of  transfecting  DNA  for  ml,  m2,  m3,  and  m4  mAChRs  on  NI,  308  neuro- 
bla-stoma  x  fibroblast  hybrid  cells  ”  Histograms  show  (from  bottom  to  top)  saturable  I'HIQNB 
binding  (fmoles/mg  proiein;  I  nM  (-)-|'H|QNB.  43.9  Ci/mmol);  inositol  phosphate  production 
by  1  mM  carbachol  (determined  as  in  Fukuda  ei  al.  ).  maximum  amplitude  of  initial  outward  current 
Ikic,  produced  by  focal  application  of  ACh;  and  maximum  ACh-induced  increases  in  intraccllubir 
|Ca|  measured  with  Fura-2/AM  (open  bars,  before  ACh;  hatched  bars,  after  A(,h)  Each  block  goes 
mean  response.  Bars  show  s.e.m 
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cells  were  much  less  sensitive  to  ACh  than  ml/m3-transformed  cells,  by  a  factor  of 
about  100.  Second,  outward  currents  in  m2/m4-transformed  cells  tended  to  show 
oscillations  (see  Fig.  9),  whereas  those  in  mI/m3-transformed  cells  were  “smooth," 
like  those  in  NG 108-1 5  cells  (^  Fig.  2).  Third,  the  responses  of  m2  or  m4-transformed 
cells  were  completely  annulled  by  pretreatment  with  PTX,  whereas  those  of  ml  or 
m3 -transformed  cells  were  not  significantly  changed  after  PTX  treatment,  implying 
two  totally  different  G-protein  systems. 


Nature  of  the  K  Current 

Because  of  the  differences  between  the  effects  of  stimulating  m  1  /m  3  receptors  on 
the  one  hand  and  m2/m4  receptors  on  the  other,  we  wondered  which  species  of  K 
current  was  activated  and  whether  both  receptor  pairs  activated  the  same  species  of 
current.  The  answer  to  the  second  question  seems  to  be  yes,  and  the  species  of 
K  current  activated  appears  to  be  a  Ca-activated  current  similar  to  that  in  NG  108-1 5 
cells,  for  the  following  reasons.^'*  (/)  Responses  to  both  ml/m3  and  m2 /m4  stimulation 
were  blocked  by  20  nM  charybdotoxin  or  1  mM  TEA,  and  both  showed  a  characteristic 
voltage-dependent  block  by  1  mM  Ba.  They  were  unaffected  by  1  mM  4-amino- 
pyridine,  1  |iM  MCDP,  or  0,4  pM  apamin.  (2)  Responses  were  affected  by  buffering 
external  Ca  with  10  pM  BAPTA-AM.  (i)  Application  of  ACh  to  both  ml/m3  and 
m2/m4  mAChR-transformed  cells  induced  rises  in  intracellular  Ca,  albeit  of  somewhat 
different  form  (see  below).  Very  similar  effects  occur  on  applying  BK  to  these  cells."’ 


K  Channels 

Using  cell-attached  patch-electrodes,  the  opening  of  single  channels  of  three  types, 
with  average  conductances  10-14.  34-40,  and  75-86  pS,  could  be  recorded  within 
the  patch  electrode  following  application  of  ACh  to  the  membrane  outside  the  patch 
in  both  ml-  and  m2-transformed  cells  (Fig.  8).  This  implies  a  remote  coupling  from 
the  receptor  to  the  channel,  as  would  be  expected  were  the  receptors  to  activate  the 
channel  through  the  release  of  intracellular  Cz.  Although  we  have  not  yet  established 
that  these  channels  are  indeed  Ca-activated,  they  somewhat  resemble  those  recorded 
from  NG108-15  cells  following  extra-patch  application  of  BK,  which  can  also  be 
activated  by  intracellular  Ca  or  Ins-1.4,5-P!  injections '' 


Intracellular  Ca 

Changes  in  intracellular  (Caj  induced  by  ACh  were  recorded  using  Fura-2/AM. 
Significant  elevations  in  intracellular  |Ca|  were  recorded  in  ml,  m2,  and  m3-tran.s- 
formed  cells  (Fig.  7).  To  determine  the  temporal  relationship  between  the  ri,se  in 
Ca  and  the  outward  current,  membrane  currents  were  recorded  using  patch-pipettes 
containing  lndo-1 .  Although  in  some  cells  (most  notably  ml  -  or  m3-transformed  cells) 
a  close  temporal  relationship  between  dl  and  d|Ca]  similar  to  that  illustrated  in  Figurk 
2  could  be  seen,  in  many  others  (especially  m2-transformcd  cells)  the  two  responses 


FIGURE  8.  Continuous  recordingofsingic  channel  currents  activ  ated  by  ACh  in  an  m2-transtormed 
NL308  cell  (clone  NLPM2-501).  Records  show  channel  activity  recorded  with  a  cell-attached  pipette 
containing  140  mM  KCI  and  5  mM  HEPES  (pH  7  4  with  KOH).  held  at  +  30  mV  ACh  (3  gl, 
100  gM)  was  applied  to  the  membrane  outside  the  patch  via  the  bathing  fluid  at  the  time  indicated 
bv  the  arrow 


showed  rather  striking  temporal  dissociations.  Thus,  in  the  cell  illustrated  in  FiGURt 
9,  the  initial  outward  current  following  the  first  application  of  ACh  clearly  preceded 
any  detectable  rise  in  somatic  [Ca)  and  also  showed  a  multiphasic  nature.  With  repeated 
applications  of  ACh,  the  multiphasic  nature  of  the  current  became  increasingly  obvious, 
while  the  Ca  signal  became  progressively  smaller  and  more  dissociated  from  the  current 
response. 

One  possible  explanation  for  tiie  dissociation  of  current  and  Ca  signal  is  that  much 
of  the  current  is  generated  in  neuritic  processes,  in  response  to  local  changes  in  [Ca] 
not  registered  at  the  soma.  Thus,  membrane  current  responses  devoid  of  somatic  Ca 
signals  could  readily  be  evoked  by  focal  application  of  ACh  to  neurites.  The  spatial 
distribution  of  the  Ca  changes  was  further  studied  using  Fura-2/AM  imaging  (Fit; 
10).  Two  points  emerged:  Ca  changes  in  the  soma  frequentiv  showed  oscillations  and 
Ca  changes  in  the  soma  and  neurites  were  often  out  of  phase.  (Although  the  strongest 
signals  were  obtained  in  the  soma,  this  only  refers  to  bulk  cytoplasmic  Ca,  not  the 
submembrane  Ca  changes  near  the  K  channels.) 


Interpretation 

We  interpret  these  ob.scrvations  to  indicate  that  both  ml/m)  mAChR  and  m2/ 
m4  mAChR  may  induce  increases  in  intracellular  Ca  and  thereby  activate  Ca-dependent 
K  channels,  but  via  different  mechanisms.  As  in  NG 108-1.)'  cells,  ml/m)  receptors 
activate  phospholipase  C  through  a  PTX-insensitive  G-protein  (probably  ot  the  G,/ 
Gii  family).  In  contrast,  the  effects  of  m2/m4  receptors  are  mediated  through  a 
different,  PTX-sensitive,  G-protein.  This  may  also  couple  to  PLC,  perhaps  through 
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FIGURE  9.  Effects  of  repeated  applications  of  ACh  (at  about  10-min  inters  als)  on  membrane  current 
(upper  records)  and  intracellular  [Ca|  (lower  records)  In  an  m2-transformcd  NI.3D8  cell  recorded 
with  a  patch-pipette  containing  100  pM  Indo-1  plus  100  pM  BA  PEA  "  ACh  (100  pM)  was  applied 
via  the  bathing  fluid  for  the  duration  indicated  by  the  bars.  Note  the  dissociation  between  the  outward 
current  (Ik«ji)  responses  and  changes  in  intracellular  |C^a| 
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FIGURE  10.  Digital  image  analysis  of  intr;Ke)Uilar  |(.a|  in  nii-tr,inst<>riiK<l  \l  telK  (clone 
NI,PM2-3()1)  following  loading  with  Fnra-2. .  .M  (A)  Ihe  spati.il  disinhutum  t)t'  |(\i|  in  a  single 
cell  observed  before  (pre)  anti  at  various  tinus  after  application  of  UK)  \C  h  (B)  The  nnu  course 
of  average  (  a  coiuemration  changes  m  the  same  cell  Arrosvs  refer  to  the  images  in  A  Note  ilu 
oscillations  m  |(  ,a|  (C)  |(;a|  rises  m  another  cell  with  processes  follovsmg  application  of  Af  h  Nc»U’ 
the  rise  of  |(ai|  in  both  soma  and  processes 
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release  of  (iy  subunits  from  the  activated  G-proteins,"  or  it  may  affect  internal  Ca 
through  a  different  pathway.  Finally,  there  is  a  tendency  for  the  two  pathways  -ml/ 
m3  and  m2/m4— to  be  spatially'  separated,  with  the  latter  directed  more  toward 
processes  than  soma;  local,  asynchronous  activation  of  Ca  rises  at  discrete  foci  could 
account  for  the  oscillatory  current  responses.  However,  this  distinction  is  not  absolute, 
nor  do  we  know  whether  it  arises  because  of  local  distribution  of  expressed  receptors. 
Ca-release  pathways,  or  K  channels:  tests  on  cells  co-transfected  with  D\A  for  both 
m2  and  m3  receptors  may  help  to  clarify  this. 

This  cros.s-talk  between  m2  and  m3  receptors  onto  Ca-activated  ion  channels  in 
NL308  cells  has  not  been  reported  in  other  neural  cell  lines  such  as  NG108-1  5  cells, 
nor  in  fibroblast  or  epithelial  cell  lines.”  However,  it  docs  rese:  e  the  cross-talk 
onto  Ca-activated  Cl  channels  in  oocytes  described  by  Lechleiter  et  al.!'  in  terms  of 
differential  agonist  sensitivity  and  G-protein  involvement ,  and  may  also  involve  a 
comparable  spatial  difference  in  the  initial  Ca  signal. 


DISCUSSION 

Responses  u>  Stimulating  ml  and  mi  Receptors 
Activation  of  Ca-dependent  Ion  Channels 

tn  1  and  m  3  tiiAChR  can  clearly  activate  Ca-dependent  channels  in  a  \  anctv  of  cells 
This  is  a  direct  result  of  their  primary  coupling  to  phospholipase  C  and  consequenti.vl 
formation  of  lns-1 ,4,.3-Pi  and  rclca.se  of  Ca  ions.  The  principal  variable  determining 
the  final  respon.se  then  becomes  the  species  of  Ca-dependent  channel  finalh  activated 
In  o<.  .ytes.  this  is  a  Cl  channel.'  whereas  in  neuroblastoma  cells,  fibroblasts,  and 
epithelial  cells  the  initial  current  is  carried  by  K  channels  ”  ''  fhese  channels  corre¬ 
spond  to  the  small  (5-1 .3  pS)  and/or  medium  (3,3-85  pS)  conductance  K(Ca)  channels, 
rather  than  the  large  0200  pS)  “BK"  channels  ''  However,  their  pharmacological 
properties  appear  to  differ  from  one  cHl  type  to  another,  and.  even  in  the  same  cell, 
may  not  be  uniform.'’  Further,  a  component  of  current  m  fibroblasts  is  also  carried 
by  Ca-activated  Cl  channels'^  while  in  N1.308  cells  we  have  detected  a  component 
apparently  carried  by  Ca-dependent  non-specific  channels/" 

Notwithstanding  the  widespread  occurrence  of  this  linkage  in  expression  cells,  it 
is  difficult  to  pinpoint  the  precise  role  of  such  ionic  responses  in  primarv  cells  1  hus, 
while  it  is  clear  that  activation  of  K(Ca)  and  Cl(Ca)  channels  is  an  imponant  component 
of  the  response  ol  secretorv  cells  to  in/XChR  stimulation,  there  are  very  few  clearlv 
established  examples  of  such  responses  in  primarv  inamm.ilian  neurons,  in  spite  ot 
the  widespread  occurrence  of  the  appropriate  receptors  and  channels  I'he  reason  for 
this  is  quite  unknown 


Inhibition  of  K  Currents 

In  contrast  to  the  activation  of  Ik,(  ...  inhibition  of  Ik  vi  m  N(il()8-I  '  sells  doss 
represent  a  m.i|or  component  of  musc.irinis  excitation  in  neurons  '  further,  aiul  in 
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accordance  with  the  results  obtained  with  expressed  receptors  in  Nfjl()8-15  cells. 
Inhibition  of  IkiMi  in  sympathetic  neurons  can  clearlv  be  ascribed  to  activation  ot 
pharmacologically  defined  Ml  receptors."''  (In  contrast,  in  cortex'"  and  hippocam¬ 
pus,"'  inhibition  of  Ikimi  has  been  attributed  to  activation  of  M2  receptors  Our  data 
suggest  that  these  arc  more  likely  to  be  m5  (M3)  receptors  — a  conclusion  more  in 
keeping  with  the  obserx'ations  of  Pitler  and  Alger'"').  NO  1 08- 1 .5  cells  therefore  provide 
a  reasonably  faithful  mode!  for  this  type  of  ionic  channel  coupling 

However,  the  ability  of  mAChR  stimulation  to  close  K  channels  is  not  restricted 
to  K(M)  channels.  I'hus,  in  the  brain  and  in  the  enteric  nervous  system,  another  prime- 
target  is  a  class  of  apamin-resistant  K(Ca)  channels  '  This  effect  has  not  been  reponed 
so  far  in  any  cells  or  cell  lines  following  activation  of  cloned  receptors,  presumablv 
because  the  appropriate  channels  are  absent. 


Responses  to  Stimuhting  mJ  or  m4  Receptors 
Inhibition  of  Ca  Currents 

Experiments  on  NG108-15  cells  have  suggested  that  the  "N-tvpe"  (to-conotoxin 
sensitive)  Ca  current  can  be  inhibited  either  through  endogenous  m4  receptors  or 
through  exogenous  m2  receptors.'  Etjuivalent  effects  ha\e  been  identified  in  two  types 
of  primary  mammalian  neuron:  in  rat  sympathetic  neurons,  inhibition  of  li  .„\,  is 
mediated  by  M4  receptors'  whereas  in  rat  cholinergic  forebrain  neurons  inhibition 
of  an  equivalent  high-voltage  activated  Ca  current  is  inhibited  via  M2  receptors '  In 
both  cases  the  inhibition  is  prevented  by  Pertussis  toxin,  suggesting  a  comparable 
Ci-protein  link  to  that  in  NGI08-I5  cells,  though  the  specific  G-protein  involved 
.emains  to  be  identified.  Ehe  principal  biochemical  response  to  m2/m4  receptor  acti\  a- 
tion  is  an  inhibition  of  adenylate  cyclase  However,  from  experiments  on  rat  s\  mpa- 
thctic  neurons"’  and  on  the  equivalent  inhibition  produced  b\  catecholamines.'"  it 
seems  likely  that  the  activated  G-protcin  interacts  in  a  rather  localized  ("membrane- 
delimited")  manner  with  the  Ca  channels,  rather  than  through  an\  such  intracellular 
biochemical  pathway.  One  obvious  physiological  consequence  of  1,  „s,  inhibition  might 
be  the  reduction  of  transmitter  release  '"'''  Eflects  in  transformed  NGlOk-l'"  cells 
might  therefore  provide  a  fair  representation  ot  the  widespread  auto-inhibitorv  etfect 
of  ACh  on  Its  own  release,  most  especially  in  the  central  nersous  s\  stem 


Activation  of  K  Currents 

I  he  activation  of  Ca-dependent  K  currents  in  N1.3D8  cells  and  of  Ca-dependent 
Cl  currents  in  oocytes"  appear  to  represent  an  interesting  form  of  "cross-t.ilk"  between 
m2/m4  receptors  on  the  one  hand  and  ml  /nC  on  the  other,  wherebc  two  sets  ot 
receptors  atfect  the  same  ion  channels  btit  through  quite  ditierem  (i-proteins  1  Ins 
cannot  beascril)edto'’ovcrexprcssion"ol  m2  or  m4  receptors  ,is such,  since  tlie  densities 
of  m2  anil  m3  receptors  in  both  the  present  experiments  and  in  those  ot  1  echleitcr 
et  al ’’  were  very  comparable  At  present,  howeser,  it  is  difficult  to  place  this  into  a 
physiological  perspectise.  since  activation  of  these  channels  through  m2  orm4  receptors 


BROWN  eta/.:  MUSCARINIC  RECEPTOR  SUBTYPES 


255 


requires  much  higher  agonist  concentrations  than  those  needed  to  produce  an  equiva¬ 
lent  effect  via  ml  or  m?  receptors;  and  no  equivalent  effect  in  primary  cells  has  so 
far  been  identified. 

A  much  more  widespread  effect  associated  with  pharmacologically  defined  M2 
receptors  is  activation  of  a  Ca-independent,  inwardly  rectifying  K  current.  This  is  seen 
in  both  nerve  cells'  and  cardiac  cells.'’''  No  such  effect  has  been  detected  in  any  of 
the  neuroblastoma,  fibroblast,  or  epithelial  cell  lines  so  far  used  for  studying  cloned 
receptors,  presumably  because  the  appropriate  channels  are  absent.  More  relevant, 
perhaps,  is  the  recently  reported  enhancement  of  an  endogenous  inwardly  rectifying 
current  in  transformed  cells  of  a  secretory  cell  line":  how  far  this  replicates  the  effects 
in  primary  cells  remains  to  be  determined. 


CONCLUSIONS 

In  spite  of  the  indirect  nature  of  the  coupling  between  mAChRs  and  ion  channels, 
some  qualitatively  rather  distinct  patterns  of  interaction  have  been  deduced  from 
studies  on  transformed  cells,  which  appear  reasonably  representative  of  some  of  the 
major  pathways  operating  in  primary  cells.  However,  there  is  also  evidence  for  points 
of  cross-talk  between  the  lines  of  communication,  A  major  requirement  for  the  future 
is  to  define  the  quantitative  parameters  determining  coupling  preferences  between  the 
different  receptor  subtypes  and  ion  channel  species  and  thereby  establish  the  precise 
limits  to  these  coupling  preferences  and  the  extent  to  which  they  mav  be  subject  to 
physiological  modification. 
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INTRODUCTION 

It  has  recently  become  clear  (for  reviews'"')  that  cardiac  Cl  channels  regulated 
b)  protein  kinase  A  (PKA)'*"''  are  closely  similar,  if  not  identical,  to  epithelial  cystic 
I,  is  transmembrane  conductance  regulator  (CFTR)  channels.  "  Thus,  in  intact, 
mammalian,  ventricular  myocytes  catecholamines  activate  a  macroscopic  Cl  conduc¬ 
tance  through  the  classical  0-adrenoceptor-G,-cAMP-PKA  pathwav," and  both 
whole-cell  and  single-channel  currents  through  these  PKA-regulated  cardiac  Cl  chan¬ 
nels  resemble  those  flowing  in  epithelial  CFFR  Cl  channels  in  all  biophvsical  and 
biochemical  properties  so  far  examined. For  example,  in  addition  to  the  characteristic 
small  ohmic  conductance  of  single  cardiac  Cl  channels  in  excised  membrane  patches 
exposed  to  symmetrical  [Cl  |  solutions."  '-  native  cardiac  Cl  channels  share  with 
recombinant  human  epithelial  CF'ER  Cl  channels  an  absolute  requirement  for  hvdro- 
lyzable  nucleoside  triphosphates  to  open  the  channels  after  their  phosphorylation  In 
PKA."  "  Moreover,  Northern  blot  an;tlvsis  has  demonstrated  that  C.FTR  mRN.\ 
exists  in  guinea  pig,  rahbit,  and  human  heart."  '■*  The  deduced  amino  acid  sequence 
of  rabhit  cardiac  CF’FR  cDNA  corresponding  to  the  first  of  the  two  nucleotide  binding 
domains  shows  98%  homology''*  with  human  CF’FR  cloned  from  sweat  duct  cells," 
including  conservation  of  the  phenylalanine  at  position  .t08.  the  deletion  of  which 
accounts  for  ~  70%  of  the  cy.stic  fibrosis  diagnosed  in  the  Caucasian  population 
Although  the  complete  sequence  of  cardiac  CFFR  is  not  yet  known,  preliminary 

'  I  he  original  research  descrihei)  here  and  the  preparation  ot  this  manuscript  w  ere  supjioned  In 
grants  from  the  National  Institutes  of  Health  011.-14899  and  Hl.-499n"),  the  New  ^'orls  Hear; 
Associ.it ion.  and  the  (A'stic  Fihrosis  Foundaritin 
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results  using  polymerase  chain  reaction  techniques  suggest  that,  in  comparison  to 
epithelial  CFI  R,''  cardiac  Ch'l'R  lacks  R)  ammo  acids  from  the  predicted  first  evto- 
plasmie  loop,  implying  that  it  is  an  alternativeiv  spliced  variant 

While  the  primary,  disease-causing  defect  in  patients  with  cystic  fibrosis  is  localized 
to  epithelial  cells  lining  the  respiratory  and  gastrointestinal  tracts,  technical  difficulties 
tend  to  hamper  studies  of  the  regulation  of  CFTR  Cl  channels  in  those  cells. 

I  hese  include  the  relatively  low  density  of  CF''FR  channels  in  native  epithelia  ' '  '  in 
comparison  to  the  densities  ot  other  Cl  channels  with  larger  unitary  conductances, 
some  showing  outward  rectification,  that  can  obscure  the  current  sigtials  from  CF  FR 
channels,’''"'  and  a  relative  unsuitability  of  epithelial  cells  for  the  isolation  and  manipula¬ 
tion  necessary  for  whole-cell  recording.  ’’  On  the  other  hand,  the  normal  role  of  CF'l  R 
in  the  heart  and  the  cardiological  consequences  of  its  possible  dysfunction  in  cvstic 
fibrosis  patients  remain  to  be  clarified.'  '  But  cardiac  myocytes  do  afford  the  opportu¬ 
nity  for  semiquantitative,  functional  studies  of  the  natural  mechanisms  of  regulation 
of  CFTR  Cl  channels  in  their  native  environment.’’  For  instance,  wide-tipped  pipettes 
equipped  with  a  pipette  perfusion  device”  can  provide  rapid  diffusional  access  of  small 
molecules  to  the  interior  of  a  cardiac  myocyte  at  specified  times  during  an  e.xperiment 
During  such  thorough  intracellular  dialysis  with  solutions  incorporating  .\TP  and 
GTP,  but  no  cAMP,  no  whole-cell  CFl  R  Cl  conductance  can  be  detected  until  the 
cell  is  stimulated,  either  by  agonists  like  isoproterenol  or  forskolin  that  increa.se  the 
cellular  jcAMP]  level  or  by  direct  introduction  of  cAMP  into  the  cell  Under  those 
experimental  conditions,  the  cellular  regulatory  mechanisms  that  control  gating  of 
CFTR  channels  can  be  probed  by  the  introduction  of  various  chemical  agents,  including 
nucleotides  and  inhibitors  of  protein  kinases  and  phosphata-ses."  •'  Complementarv 
recordings  of  unitary  Cl "  channel  currents  can  be  obtained  using  giant,  e.xcised,  inside- 
out  patches  of  myoev'te  membrane,  which  permit  relatively  unhindered  access  of 
kinases  and  their  inhibitors  and  nucleotides  to  the  cvtoplasmic  surface" 

In  contrast  to  the  activation  pathway  of  the  PKA-regulated  cardiac  Cl  channels, 
the  general  features  of  which  have  been  outlined.'’  ''  the  deactivation  pathwas 
is  poorly  understood,  although  it  presumably  involves  dephosphorvlation  b\  cellular 
protein  phosphatases.  By  recording  macroscopic  Cl  current  flowing  through  e.xcised 
inside-out  patches  from  NIH  3  F5  fibroblasts  stably  expressing  recombinant  CFTR, 
Berger  e(  a/.-'*  were  able  to  show  that  channels  phosphorylatcd  bv  PK.A  could  be 
dephosphorylated  by  purified  phosphata,sc  2A  but  not  b\  phosphatase  1  or  2B.  Which 
phosphatase  (or  phosp'  ascs)  dephosphorylates  the  channel  in  situ,  in  the  intact  cell, 
remains  to  be  determined  The  presence  in  CFl  R  molecules  of  multiple  consensus 
sequences  for  PKA  phosphorylation"  and  the  finding  that,  upon  stimulation,  PK,\ 
phosphorylates  four  or  five  serines  in  the  regulatory  domain  of  CFFR’"  ”  lend  u  eight 
to  this  question.  To  investigate  the  dephosphorvlation  of  cardiac  CF'FR  Cl  channels, 
we  have  Introduced  into  the  cell  okadaic  acid  and  microcystin,  both  potent  inhibitors 
of  phosphatases  1  and  2A.  Maximally  cfrective  concentrations  of  okadaic  acid  and/ 
or  microcystin  were  found  to  enhance  the  Cl  conductance  activated  bv  isoproterenol 
or  forskolin  and  to  slow,  and  render  incomplete,  its  deactivation  followini;  washout 
of  the  agonist.  The  results  .suggest  that  phosphatase  1  and/or  2  A  is  absolutely  required 
for  full  dephosphorylation,  but  that  some  other  phosphata.se  can  also  pani.illv  de- 
phosphorylate  the  channel,  and  they  indicate  incremental  regulation  of  cardiac  (iF  FR 
Cl  channels  by  PKA-mediated  phosphorylation  at  functionally  distinguishable  sites" 
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METHODS 

The  materials  and  methods  were  essentially  as  previously  described.^  " 


Whole-Cell  Experiments 

Single  ventricular  myocvtes  were  isolated  by  collagenase  digestion  of  guinea  pig 
hearts.'*  Normal  Tyrode’s  solution  contained  (in  mM):  145  NaCl,  5.4  KCl.  1 .8  CaClj, 
0.5  MgCl),  5  HEPES  (pH  7.4  with  NaOH),  and  5.5  glucose.  The  modified  Tyrode's 
solution  for  superfusion  of  myocytes  contained  (in  mM):  145  NaCI,  1  CdCl>,  1,5 
MgCh,  5  HEPES  (pH  7.4  with  NaOH),  and  5.5  glucose.  All  superfusion  solutions 
were  prewarmed  to  56°C.  The  standard  pipette  solution  for  intracellular  dialysis 
contained  (in  mM):  85  aspartic  acid,  5  pyruvic  acid,  10  EGTA,  20  TEACl,  5  d  risr 
creatine  phosphate,  10  MgATP,  0. 1  Tris.  cGTP,  2  MgCl',  5.5  glucose,  and  10  HEPES 
(pH  7,4  with  CsOH)  free  |Ca-‘)  and  IMg-’’]  were  estimated  to  be  <1  nM  and  '  1 
mM,  respectively.'*  In  109  mM  Cl"  pipette  solution,  aspanate  was  replaced  bv 
Cl". 

Whole-cell  currents  were  recorded  via  wide-tipped,  low  resistance  (0.5-2  .MQ) 
borosilicate  pipettes  (Mercer  Glass  Works,  Inc.,  NY),  fitted  with  an  intrapipette  perfu¬ 
sion  device.’’  A  gigaohm  seal  was  obtained  with  gentle  suction  ( - 20  cm  H.-O). 

and  the  membrane  then  ruptured  by  more  vigorous  suction  controlled  with  a  10  ml 
syringe.  Once  the  cell  interior  was  equilibrated  (~  3  min)  with  the  pipette  solution, 
the  cell  was  exposed  to  modified  Tyrode’s  solution  and  the  holding  potential  set  at 
0  mV  to  inactivate  Na*-  and  Ca-'-channel  currents.  K  -channel  currents  were  mini¬ 
mized  by  omitting  K*  from  intra-  and  extracellular  solutions,  and  including  20  mM 
TEA'  in  pipette  solutions.  Omission  of  K'  also  prevented  currents  generated  by  the 
Na'/K'  pump.*'  Na'/Ca'’*  exchange  current  was  prevented  by  the  omission  ot 
internal  Na*  and  of  internal  and  external  Ca’*  .''’ 

Two  3  M  KCl  half  cells  connected  the  clamp  amplifier  to  the  pipette  interior  and 
to  the  chamber,  to  minimize  liquid  junction  potentials  Currents  were  elicited  by 
80-msec  voltage  pulses  to  potentials  from  +  100  mV  to  -  100  mV  in  20  m\'  incre¬ 
ments.  Current  and  voltage  signals  were  filtered  at  2  kHz.  digitized  on-line  at  8  kHz. 
and  stored  in  an  IBM  PC-AT  computer  for  analysis  with  ASYST  software  (Keithlcy 
Instruments,  Inc.,  Taunton,  MA),  Steady-state  current-voltage(l-\')  relationships  w  ere 
plotted  from  the  current  levels  averaged  over  the  final  12.5  msec  ot  each  pulse. 


Giant-Patch  Experiments 

Ventricular  myocytes  were  stored  in  high  |K'|,  low  [Ca’ ‘|  medium  for  8-24  h 
so  that  large  .sarcolemmal  blebs  would  develop.  Wide  tipped  (12-20  pm  diameter) 
borosilicate  glass  pipettes  of  —100  kQ  resistance,  made  hydrophobic  at  the  tips  by 
coating  them  with  a  mineral  oil-parafilm  mixture,  were  sealed  to  the  blebs  with  light 
suction.  After  a  gigaohm  seal  was  establi.shed,  the  membrane  patch  was  exci.sed  and 
transferred  to  a  continuously  perfused,  temperature  controlled  (2  5°C)  chamber  in 
which  solutions  could  be  exchanged  in  —  1  sec''  by  switching  manual  (Hamilton, 
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Reno,  NV)  or  computer-controlled  electric  (General  Valve,  NJ)  valves.  Pipette  and 
bath  solutions,  and  the  0  mV  holding  potential,  were  designed  to  inhibit  currents 
through  Ca^*,  Na\  and  K*  channels,  and  the  NaVCa’"  exchanger.  The  pipette 
solution  contained  (in  mM):  145  NMCTCi,  5  CsCl,  2  BaCh,  2.5  MgCh,  0.5  CdCb, 
10  HEPES  (pH  7.4  with  NMG),  and  the  bath  solution  contained  (in  mM):  140 
NMG-aspartate,  10  EGTA,  10  HEPES,  2  MgCh,  20  TEA -OH  (pH  7.4  with  Tris). 
Na'/K*  pump  current,  activated  by  a  brief  exposure  to  bath  Na'  plus  MgATP, 
provided  a  convenient  indicator  of  inside-out  patch  (rather  than  vesicle)  formation. 
PKA  catalytic  subunit  was  prepared  as  described"*  and  dialyzed  into  (in  mM)  10 
EGTA,  10  HEPES,  20  TEA-Cl,  2  MgClj,  85  aspartic  acid  (pH  7.4  with  ~  120 
CsOH),  to  a  protein  concentration  of  0.7  mg/ml.  Patch  current  was  recorded  with 
a  LIST  EPC-7  amplifier,  stored  on  video  tape,  and  then  filtered  at  7  Hz  and  digitized 
at  20  Hz  off-line,  and  analyzed  with  programs  written  in  ASYST. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  that  activation  of  3-adrenoceptors  by  isoproterenol  in  guinea  pig 
ventricular  myocytes  elicits  a  substantial  Cl  conductance.  The  isoproterenol-induced 
current  varied  approximately  linearly  with  membrane  potential  and  reversed  sign  near 
0  mV,  close  to  the  Cl '  ion  equilibrium  potential,  when  the  internal  and  external  |C1  j 
were  almost  equal  (Fig.  1 ,  B  and  D,  b-a);  but,  after  the  internal  |C1  |  had  been  lowered 
towards  0  mM  to  generate  a  steep  inwardly  directed  gradient  of  Cl  ion  concentration, 
the  inward  current  practically  disappeared,  leaving  a  strong  outwardly  rectifying  con¬ 
ductance  (Fig.  1 ,  B  and  D,  d-c).  In  contrast  to  this  (Cl ' )  sensitivity  of  the  isoproterenol- 
induced  current,  membrane  current  in  the  absence  of  isoproterenol  was  practically 
unaffected  by  the  same  drastic  reduction  of  intracellular  (Cl  ]  (Fig.  1,  C.  a.  c.  e), 
demonstrating  the  lack  of  a  measurable  background  CL  conductance  in  these  dialyzed 
myocytes.  As  implied  by  the  linear  steady-state  1-V  relationship  for  the  isoproterenol- 
induced  current  (Fig.  1,  D,  b-a),  this  CT  conductance  shows  little  or  no  rime  depen¬ 
dence,  the  current  reaching  its  new  amplitude  almost  instantaneously  when  the  mem¬ 
brane  potential  is  stepped  from  one  level  to  another  (Fig.  1,  B). 

Activation  of  the  covert  CL  current  requires  PKA-dependent  phosphorylation 
because  it  can  be  elicited  by  exposure  to  isoproterenol,*  ’  histamine,''"'  or  forskolin'  * 
(all  of  which  raise  cellular  cAMP  levels),  or  by  direct  intracellular  application  of  c,\MP 
or  PKA  catalytic  subunit,*  and  because  intracellular  application  of  a  specific  peptide- 
inhibitor  of  PKA  (t  .11,  5-24-amide*")  can  abolish,  or  prevent.  Cl  current  activation 
by  i.soprotcrenol,''  forskolin’*  (Fig  2),  or  intracellular  cAMP.’  Complete  abolition 
of  the  forskolin-induced  CL  conductance  by  PKl  (Fig  2,  c-a)  confirms  that  it  must 
have  been  activated  exclusively  via  PKA.  The  prompt  deactivation  of  the  Cl  conduc¬ 
tance  upon  removal  of  isoproterenol  (Fig.  1 ,  A)  or  introduction  of  PKl  (Fig.  2)  must 
therefore  reflect  dephosphorylation,  its  speed  indicating  that  cellular  phosphatases  must 
be  continuously  and  highly  active. 

PKA-dependent  activation  of  this  cardiac  Cl  conductance  and  its  time  and  voltage 
independence  are  properties  that  suggest  similarity  of  the  underlying  cardiac  Cl  chan¬ 
nels  to  CFTR."  These,  and  other,  similarities  were  confirmed  by  measuring  unitarx’ 
Cl  channel  currents  in  excised  giant  patches.*'  Single-channel  conductance  was  ohmic 
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FIGURE  1.  A  tin.e- and  voltage-independent  Cl  conductance  activated  bv  [soprotcrcnol  (Iso)  (A) 
Chan  recording  of  membrane  potential  (top)  and  whole-cell  current  (B)  Superimposed  records  of 
whole-cell  cuirents  for  pulses  to  ±  100,  ±60  and  ±20  mY.  from  the  0  ni\'  holding  potential,  in 
the  presence  or  absence  of  isoproterenol  under  conditions  of  approximate!  v  symmctricaJ  or  asvmmcrri- 
cal  Cl  concentrations  <C  and  D)  Steady-state  l-V'  relationships  of  whole  cell  current  or  istiprcnalinc- 
activated  difference  current  as  indicated  (From  Bahinski  el  al  '  Reprinted  with  permission  ) 


Iso-activated  current  (pA) 
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Fsk  3  nM 

I - - - - - 1 

a  b  c 


FIGURE  2.  Abolition  ol  forskolin  (Fsk)-inilute<l  Cl  tonductancc  bv  PKA  inhibitor  pcptnk-  PKI 
(C24-amidc).  {Left)  Cban  record  of  current  changes  at  0  m\'  showing  complete  abolition  ot  the  (1 
currentelicitcdby  forskolin  bv  concomitant  intracellular  dial  VMS  with  lOOpM  PKI  (Rigfef)  Steads -state 
difference  l-\'  relationships  obtained  bv  subtraction  as  indicated  (From  Hssani;  et  al  '  Reprinted 
with  permission  ) 


anef  —  12  pS  with  approximatelv  symmetrical  1  50  mM  Cl  solutions,  channel  gating 
was  relatively  slow,  and  channel  open  probahilitv  was  roughly  independent  of  mem¬ 
brane  potential  between  -60  and  +60  mV'.’'’  Channel  activation  required  F1C\- 
mediated  phosphorylation  because  currents  were  not  actic  ated  b\  MgA TP  iilone.  nor 
by  PKA  catalytic  subunit  in  the  absence  of  MgA  I  P,  nor  b\  PK.V  plus  .MgA  I  P  in 
the  presence  of  PKI  (Fig.  5.  A);  but  w  ithdrawal  of  PKI  then  led  to  the  appearance 
of  unitary  Cl  -channel  currents,  which  could  sun  ive  for  mans  m  nutes  (>  15  min) 
after  washing  off  the  PKA  catalytic  subunit,  even  in  the  presence  of  PKI  to  prevent 
further  kinase  activity  (Fig.  3,  A).  This  persistence  suggests  that  dephosphorvlation 
proceeds  slowly  in  the  excised  patches,  presumably  because  phosphatases  hat  e  been 
largely  washed  away.  Figurf  3(B)  shows  that  these  cardiac  Cl  channels  also  share 
the  hallmark  of  CFFR,  namely  the  absolute  requirement  of  high  micromolar  lesels 
of  ATP  (or  other  hydrolyzable  nucleoside  triphosphate)  for  the  opening  ot  PK.V- 
phosphorylated  channels  "  "  Civen  this  close  resemblance,  examination  of  the  phos¬ 
phorylation  and  dephosphorylation  ot  cardiac  CF  FR  in  situ  ought  to  \  ield  insight 
into  the  regulation  of  epithelial  CFFR 

Fhe  phosphorylation  and  dephosphorylation  of  the  Cl  channels  (or  ot  closeK 
a.s.sociated  regulatory  proteins)  implied  b,  Fk.frf.s  1  to  3  can  be  described  b\  the 
following  simple  scheme: 


a 

D  ~~  P  (Scheme  1) 

(i 

where  F)  and  P  represent  dephosphorylated  (deactivated)  and  phospborylated  (acii- 
vated)  states  of  the  Cl  channels,  and  a  and  P  represent  pseiido-tirst  (or  tirst)  order 
rate  constants  for  PKA-dependent  phosphorylation  and  tor  dephosphors  lation  It  thiv 
scheme  holds,  then  the  steadv-state  amplitude  of  the  Cl  eonduetanee.  proportion.il 
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FIGURE  3.  Phosphonlatfil  (!l  channels  m  cxciscil  insnJc-out  patthf' ncai  A  I  P  to  opi'n  lAl  loO 
p.Vl  PKI  peptide  presented  channel  actuation  hv  ll)('  nM  PKA  plus  '00  pM  Me  A  I  P.  Init  tailed 
to  close  the  phosphorylated  channels  after  sMthdrassal  of  PKA  (B)  Resercilile  act  n  at  ion  of  phosphors- 
lated  Cl  channels  hy  A  TP.  I'he  current  record  hegins  -  30  sec  alter  the  \s  ithdrass  al  of  PK  A  and 
A  I  P  had  closed  all  channels:  rc'-evposure  to  '00  pAl  Mg.\  I  P  reopened  the  channels  (I  roni  N'aeel 
ft  al.  "  Reprinted  ssith  pernsission  ) 

CO  the  fractional  occupancy  of  the  phosphorvlated  state,  P.  reflects  both  a  and  [5 
through  a/(a  +  (3).  But  the  rate  of  deactivation  of  the  conductance  on  sudden 
w  ithdrawal  of  agonist  or  introduction  of  PKI  should  reflect  onl\  p.  assuniinc;  that  a 
then  tails  to  zero’'';  moreover,  as  long  as  P  ^  0,  that  deactis  ation  should  proceed  to 
completion.  The  scheme  predicts,  then,  that  inhibition  of  phosphatases  contributing 
to  P  should  increa.se  the  steadv-state level  of  torskolin-induced  protein  phosphors  lat ion, 
and  hence  Cil  conductance,  and  decrease  the  rate  tit  conductance  tiecline  upon  remos  .il 
of  forskolin 

lo  test  this,  we  introduced  intti  the  pipette  okadaic  acid,  a  potent  inhibitor  t'f 
protein  phosphata,ses  1  and  2. A,"  "  two  of  the  four  mapir  manim.^ilian  c\  tosolic  svrinc 
and  threonine  phosphatases/*''  As  Fic.i  rk  4  illustrates,  introduction  of  U'  p.\l  okadaic 
acid  both  enhanced  the  (d  current  activated  bv  I  fiM  forskolin  (Fit.  4,  .\),  u  itbout 
altering  its  reversal  potential  (Fig.  4,  15),  and  slowed  the  deactisation  of  'be  C  l 
conductance  on  washing  out  the  forskolin  (Fit.  4,  A)  Also,  the  concentration  depen¬ 
dence  of  okadaic  acid's  effect  on  the  steady  lesel  of  forskolin-induced  (  1  conductance 


Fsk  1  nM  Fsk  1  fiM 


266 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


With  and  v.ithout  internal  okailaic  acid  (c  g  .  ic-ci/|d-cl  from  A  and  B)  arc  plotted  against  pipet 
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(Fig.  4,  C)  suggests  that  10  nM  okadaic  acid  was  practically  a  maximally  efTcctisc 
concentration.  T  hese  two  effects  of  okadaic  acid  arc  consistent  with  a  reduction  of 
P  (Scheme  1),  but  not  to  zero,  because  then  all  Cl  channels  would  have  remained 
trapped  in  the  phosphorylated,  activated  state  after  washout  of  agonist.  On  the  other 
hand,  if  additional,  okadaic  acid-insensitive  phosphatases  contribute  to  P,  then  decay 
of  the  CF  conductance  after  washing  out  forskolin  is  expected  to  be  slowed  but 
complete. 

However,  Figure  5  shows  that,  in  the  presence  of  10  fiM  okadaic  acid,  deactivation 
of  the  enhanced  forskolin-induced  Cl  conductance  was  slowed  but  incomplete,  the 
residual  sustained  component  of  Cl  ’  conductance  displayed  the  same  reversal  potential 
(Fig.  .f,  D),  the  same  shape  current-voltage  relationship  (Fig.  .C  D).  the  same  time- 
independence  (Fig.  5,  B),  and  the  same  |C1  j  sensitivity  (Fig.  5,  A  and  E)  as  the  full 
forskolin-induced  conductance  Moreover,  because  it  was  insensitive  to  PKI  (Fig.  f. 
A  and  D),  it  could  not  have  resulted  from  persisting  PKA  activity  but  must  ha\e 
reflected  permanently  phosphorylated  Cl  channels. 

To  ensure  that  the  slow  conductance  deactivation  seen  in  the  presence  of  10  [iM 
okadaic  acid  (Figs.  4  and  .^)  did  not  result  from  incomplete  inhibition  of  types  1  and 
2A  phosphatases,  due  to  rapid  diffusion  of  the  lipophilic  okadaic  acid  out  through 
the  cell  membrane,  we  examined  the  effects  of  intrapipette  microcystin,  a  hydrophilic, 
membrane-impermeant  inhibitc  of  phosphatases  1  and  2A.^‘  Figure  6  (A  and  B) 
demonstrates  that,  as  found  for  okadaic  acid,  introduction  of  5  |iM  microcystin  maxi¬ 
mally  enh.anced  the  forskolin-induced  Cl"  conductance  (10  pM  microcystin  had  no 
further  effect;  Fig.  6,  B:  e-d.  A)  and  yet  deactivation  of  the  Cl"  conductance  on 
withdrawal  of  forskolin  was  still  not  abolished.  Even  10  pM  microcystin  and  10 
pM  okadaic  acid  applied  together  failed  to  prevent  a  slowed,  though  incomplete, 
deactivation  of  the  Cl"  conductance  (Fic.  6,  D).  Our  conclusions  from  these  results 
are  that  full  dephosphorylation  of  the  Cl"  channels  requires  a  type  1  and/or  2 A 
phosphatase,  and  that  a  phosphatase  other  than  type  1  or  2  A  can  panially  dephosphors  - 
iate  PKA-phosphorylated  Cl  channels.  The  simplest  scheme  (Scheme  2)  consistent 
with  these  propenies  includes  at  least  two  phosphorylated  states; 


o  a' 


P1P2 


(Scheme  2) 


where  dephosphorylation  of  state  P,.  but  not  of  state  P|P.’.  requires  phosphatase  1 
and/or  2A.  With  sufficient  okadaic  acid  to  reduce  |3  to  zero,  only  states  P,  and  P.P 
should  be  occupied  in  the  presence  of  forskolin,  but  only  state  Pi  should  be  occupied 
after  removal  of  forskolin.  The  reduced  Cl  conductance  after  washout  of  forskolin 
argues  that  state  P1P2  is  associated  with  a  higher  whole-cell  Cl  conductance  than 
state  Pi:  the  simplest  explanation  for  such  an  effect  would  be  a  higher  open  probability 
of  Cl"  channels  in  state  P1P2  than  in  state  P|.”  The  rate  of  conductance  decline 
following  withdrawal  of  forskolin  should  reflect  the  magnitude  of  the  okadaic  acid- 
insensitive  phosphatase,  P'. 
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We  can  rule  out  an  alternative  scheme  (Scheme  3)  with  two  phosphorylated  states 
each  accessible  from  the  dephosphorylated  state,  e.g., 


a 


(Scheme  3) 


where,  again,  p  is  assumed  to  be  okadaic  acid-sensitive,  because,  if  okadaic  acid  reduces 
P  to  zero,  P,  should  then  become  an  absorbing  state.  So,  according  to  Scheme  3,  in 
okadaic  acid,  the  initial  forskolin-induced  increase  in  Cl  conductance  (resulting  from 
population  of  both  P,  and  P>)  should  be  followed  by  a  slower  increase,  or  decrease 
(depending  on  whether  the  conductance  contribution  of  Pi,  or  Pj,  is  the  greater),  to 
an  eventual  steady  level  reflecting  occupancy  of  only  Pi,  and  that  level  would  then 
be  unaffected  by  forskolin  removal.  Figures  5  and  6  show  that  does  not  happen. 
Indeed,  in  the  presence  of  okadaic  acid,  repeated  brief  stimulations  of  PKA  in  a  given 
myocyte  result  in  the  same  residual  level  of  Cl  conductance  after  each  withdravs  al 
of  agonist,  and  the  same  conductance  increment  upon  agonist  rcapplication’^  this 
result  is  also  incompatible  with  Scheme  5.  which  predicts  the  residual  Cl  conductance 
to  progressively  grow  as  the  residual  occupancy  of  Pi  grows  at  the  expense  of  the 
non-conducting  state  D. 

An  alternative  to  Scheme  2  that  cannot  be  ruled  out  on  the  basis  of  the  whole-cell 
current  data  illustrated  here  is  that  there  are  two  populations  of  Cl  channels  with 
practically  identical  properties  except  that  dephosphorylation  of  one  population,  but 
not  the  other,  requires  an  okadaic  acid-sensitive  phosphatasef.s).  The  different  whole¬ 
cell  Cl'  conductances  could  then  be  accounted  for  by  different  single-channel  conduc¬ 
tances,  and/or  different  channel  open  probabilities,  and/or  different  numbers  of  each 
channel  type  per  cell.  However,  different  .single-channel  conductances  seem  an  unlikely 
explanation  since  amplitude  hi,stograms  of  unitary  Cl  currei.'s  in  giant  excised  patches' ' 
(Nagel,  Hwang  &  Gadsby,  unpublished  re.sults)  or  in  outside-out  patches  excised  from 
myocytes  with  raised  intracellular  jcAMP)'’  are  dominated  by  a  single  amplitude.  On 
the  other  hand,  preliminary  results  indicate  that  the  open  probability  of  a  single  Cl' 
channel  can  jump,  in  a  phosphorylation-dependent  manner,  between  two  levels  that 
differ  by  a  factor  of  roughly  three  (Nagel,  Hwang  &  Gadsby,  unpublished  results;  but 
cf  Ehara  and  Matsuura'’).  This  supports  the  implication  of  Scheme  2  that  a  single 
population  of  Cl  channels,  displaying  two  distinct  conducting  modes  depending  on 
differential  phosphorylation  via  PKA,  can  explain  all  the  results  shovsn  here. 

As  already  discussed,  PKA-regulated  cardiac  Cl  channels  are  practically  indistin- 


FIGURE  5.  Okadaic  acid  prevents  complete  deactivation  of  the  forskolin-activated  Cl  conductance 
(A)  Whole-cell  current  at  0  mV  showing  enhancement  of  forskolin-induced  Cl  conductance  hv  10 
pM  pipette  okadaic  acid,  and  persistence  of  a  Cl  -sensitive  conductance  component  after  reniot  aJ 
of  forskolin.  (B)  Superimposed  sample  traces  of  difference  currents  from  A,  determined  hv  subtraction 
of  digitized  records  of  currents  elicited  by  voltage  pul.scs  to  ±  20.  ±  40.  and  +  60  mV.  as  indicated 
(C-E)  .Steady-state  whole-cell  difference  l-V  relationships  as  indicated.  The  smooth  curve  in  E  shows 
a  non-linear  least-s<)uares  fit  of  the  constant  field  equation  to  the  data,  yielding  an  estimated  Cl 
permeability  coefficient.  Pel,  of  4.3  x  10  “  cm/sec  (From  Hwang rt  a/  ’' Reprinted  with  permission  ) 
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Q  Fsk  2  uM  Fsk  2  nM 


FIGURE  6.  Concentration  dependence  of  microcystin  aaion  and  occlusion  of  okadaic  acid  effect 
by  microcystin.  (A)  Chart  record  of  current  at  0  mV  showing  enhancement  of  forskolin-induced 
Cr  current  by  5  pM  microcystin,  with  no  funher  effea  of  10  pM  microcystin  (B)  Difference  1-V 
relationships  showing  forskolin-activated  Cl  conductance  in  the  absence  and  presence  of  5  pM 
microcystin,  and  lack  of  effect  of  doubling  the  (microcystin]  (D)  Chart  record  showing  occlusion 
of  the  influence  of  10  pM  okadaic  acid  by  10  pM  microcystin.  (C)  DiflTerence  l-V'  relationships  from 
D.  (From  Hwang  et  al}'  Reprinted  with  permission.) 

guishable  from  CFTR  in  all  functional  and  biochemical  characteristics  so  far  exam¬ 
ined. Since  it  is  known  that,  during  activation  of  CFTR,  PKA  phosphorylates 
four  or  five  serines  in  CFTR’s  cytoplasmic  regulatory  domain  both  in  vitro  and  in 
vivo,’”  ’'  this  provides  a  reasonable  biochemical  basis  to  support  our  conclusion  that 
there  are  at  least  two  functionally  distinct  phospho-forms  of  the  same  population  of 
PKA-regulated  cardiac  Cl  ^  channels.  This  contrasts  with  the  earlier  conclusion,  derived 
from  qualitative  functional  analysis  of  CFTR  mutants  (with  1  to  4  serine/ alanine 
point  mutations)  expressed  in  HeLa  cells,  that  phosphorylation  at  a  single  serine  might 
suffice  to  activate  a  Cl  channel’"  and,  hence,  that  the  multiple  phosphorylations  arc 
degenerate.  However,  a  very  recent  study  of  expressed  CFTR  channels  with  a  variable 
number  of  mutated  serine  residues  also  su^ested  that  macroscopic  Cl  conductance 
might  increase  in  proportion  to  phosphorylation  at  multiple  sites. ’’ 
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PKA  activates  the  inactive  channel  hy  phosphorylating  it  at  the  P,  site,  while  additional  phosphors  Ution 
at  the  P;  site,  to  yield  PiPj,  is  suggested  to  increase  the  open  probability  of  the  active  channel  (active 
channels  require  MgATP  to  open).  Preliminary  results'"'  imply  that  channel  molecules  w  ith  only  the 
P>  site  phosphorylated  are  nonconducting. 

Can  we  identify  the  okadaic  acid-insensitive  0')  and  -sensitive  (3)  phosphatases 
in  Scheme  2?  Mammalian  protein-serine/threonine  phosphatases  have  been  classified 
as  types  1 ,  2  A,  2B,  and  2C.*'*  Under  our  experimental  conditions  (nominally  Ca’ '  -free 
pipette  solutions  containing  10  mM  EGTA  and  —  !  mM  free  Mg'*),  in  the  presence 
of  okadaic  acid,  only  type  2C  phosphatases  are  likely  to  be  active  since  type  2B 
phosphatases  are  Ca^* /calmodulin-dependent  and  show  an  absolute  requirement  for 
->4  okadaic  acid-sensitive  phosphatase  is  probably  2A,  because  preliminary 
tests  reveal  that  introduction  of  phosphorylated  inhibitor  1  neither  enhances  the  for- 
skol in-induced  Cl*  conductance  nor  slows  its  deactivation.  Similarly,  Berger  el  al.-'* 
recently  found  that  PKA-activated  macroscopic  Cl*  current  in  excised  patches  con¬ 
taining  expressed  CFTR  channels  was  diminished  by  direct  application  of  purified  type 
2A  but  not  type  1  phosphatase. 

The  sequential-phosphorylation  model  in  Scheme  2  is  the  simplest  that  can  explain 
our  data,  but  it  arbitrarily  imposes  the  constraint  of  ordered  phosphorylation.  In  the 
absence  of  further  information,  a  scheme  incorporating  random  phosphorylation  of 
the  sites  represented  by  P,  and  P>  (Fig.  7;  cf.  Scheme  2)  should  be  considered  the 
most  likely.  Funher  information  to  suppon  Scheme  2  and/or  Figurh  7  will  require 
determination,  at  the  single-channel  level,  of  the  gating  propenies  of  the  various  postu¬ 
lated  phosphorylated  states.  Preliminary  whole-cell  tests  indicate  that,  in  the  presence 
of  okadaic  acid,  intracellular  introduaion  of  the  relatively  non-specific  phosphatase 
inhibitor,  orthovanadate,  further  enhances  forskolin-induced  Cl’  conductance  which 
then  shows  no  sign  of  deactivation  on  washout  of  forskolin,  consistent  with  lioth 
Scheme  2  and  Figure  7.'’* 

It  has  recently  become  clear  that  ATP  or  some  other  hydrolyzable  nucleoside 
triphosphate  is  required  to  open  the  PKA-pho.sphorylated  Cl  channel"  "  (but  d. 
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Quinton  and  Reddy'*'),  and  that  CFTR’s  two  nucleotide  binding  folds  interact  diffei- 
ently  with  ADP.'**  Given  that  there  are  at  least  two  functioning  Cl  channel  phospho- 
forms  (Scheme  2  and  Fig,  7),  it  will  be  interestingto  learn  how  nucleoside  triphosphates 
interact  with  each  phospho-form,  in  other  words  to  understand  how  the  different 
PKA-phosphorylated  states  influence  channel  gating  by  ATP  and  analogs. 
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Inhibition  of  the  Cystic  Fibrosis 
Transmembrane  Conductance 
Regulator  By  ATP-Sensitive  K'*' 
Channel  Regulators'" 

DAVID  N  SHEPPARD  AND  MICHAEL  J  WELSH' 
Howard  Hughes  Medical  Institute 
Departments  of  Internal  Medicine  and  Physiology  and  Biophysics 
University  of  Iowa  College  of  Mediane 
Iowa  City.  Iowa  52242 


INTRODUCTION 

Chloride  channels  located  in  the  apical  membrane  of  airway  epithelia  plav  a  kcv 
role  in  regulating  the  quantity  and  composition  of  respiratory  tract  fluid  Cystic  fibrosis 
(CF).'  a  common  lethal  genetic  disease  in  Caucasians,  is  characterized  by  defective 
cAMP-stimulated  CL  secretion  by  airway  epithelia.  This  defect  is  caused  b\  the  loss 
of  apical  membrane  CL  channels  activated  by  an  increase  in  cellular  levels  of  cAMP  ’ 
Genetic  studies  identified  and  cloned  the  single  gene  that  is  mutated  in  CF  chromo¬ 
somes.*  ■*  This  gene  encodes  a  protein  called  the  cystic  fibrosis  transmembrane  conduc¬ 
tance  regulator  (CFTR).  Amino  acid  sequence  analysis  and  comparison  with  other 
proteins  suggested  that  CFTR  consists  of  two  repeats  of  a  unit  containing  a  membrane- 
spanning  domain,  composed  of  six  putative  transmembrane  segments  and  a  nucleotide- 
binding  domain  (NBD),  containing  Walker  A  and  Walker  B  motif''  (Fig  1)  The 
two  repeats  are  separated  by  a  large  polar  segment  called  the  R  domain,  w  hich  contains 
multiple  consensus  sequences  for  phosphorylation  by  cAMP-dependent  protein  kinase 
(PKA).  The  predicted  topology  of  CFTR,  with  the  exception  of  the  R  domain,  resem¬ 
bles  that  of  a  family  of  proteins  called  the  traffic  ATPases'  or  the  ATP-binding  cassette 
(ABC)  transporters.'  Most  members  of  this  family  are  ATP-dependent  transporters, 
including  bacterial  periplasmic  permeases,  the  yeast  STE6  gene  product,  and  P-glv- 
coprotein,  which  is  responsible  for  multidrug  resistance  by  cancer  cells. 

'■  Work  from  authors'  laboratory  was  supported  in  part  by  the  Howard  Hughes  Medical  Institute, 
the  National  Heart,  Lung  and  Blood  Institute,  and  the  National  Cystic  Fibrosis  Foundation 

*  Address  correspondence  to;  MichaelJ.  Welsh,  M  D  ,  Howard  Hughes  Medical  Institute,  Depart¬ 
ment  of  Internal  Medicine,  500  EMRB.  University  of  Iowa  College  of  Medicine,  Iowa  Citv,  I.A 
52242. 
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MSD1 


MSD2 


UGl'RL  1.  Mtuicl  shou  iii^  the  proposed  dontaiit  strueture  <tl  (  'F  I  R  MSi)  refers  to  fht  tttefithrane- 
sp.innini;  doiiiaiiis,  \BI)  refers  to  the  nueleotuk-htrisltng  tlotitams  anil  R  refers  to  tin  R  iloniain 
I  he  loeation  of  (  F  1  R  tmitants  K!  (?F..  Kf and  (  F  I  RAR  are  iiidKated  1  In  nn  inlirane  i- 
represetited  1j\  the  stiaded  are.i 

EVIDENCE  THAT  CFTR  IS  A  Cl*  CHANNEL 

Recent  work  h.(s  tletnonst rated  that  (TT  R  ts  a  (i|  ehatniel  I  hat  eoneluMon  is 
based  on  several  observattons  Hrst.  expression  of  recombinant  (!F  I  R  in  a  w  ide  \anet\ 
of  ef)/fhe)i<iJ  am)  nonepitheli;i]  cells  generated  cAMH-actis  ated  ( !1  channels  ’  '  Second, 
the  properties  of  c.'XMR-regulated  Cl  channels  generated  bv  recombinani  CF  I  R  ss  ere 
the  same  as  those  of  c AMP-regulated  Cl  channels  in  the  apiciil  memlirane  of  secretors 
epithelia,  where  the  CF  defect  is  located  ''  Fhird,  mutation  of  specific  basic  residues 
Within  the  first  membrane-spanning  domain  to  acidic  residues  filtered  the  anion  selectis  - 
itv  of  CF'l  R  Cl  channels  "  Fourth,  when  purified  recombinant  CF  1  R  was  incorpo¬ 
rated  into  planar  lipid  bilayers  it  displaved  regulated  Cl  channel  actis  its 


REGULATION  OF  CFTR  Cl'  CHANNELS 

The  CF  I  R  Cl  channel  is  regulated  hv  c AMP-dependent  phosphors  lation  and 
by  intracellular  nucleotides  In  experiments  using  excised  inside-otit  membrane  patches, 
addition  of  the  eatalvtie  subunit  of  PKA  to  the  cvtosolic  side  of  the  patch  actisated 
(iF’l  R  Cl  channels  '  The  R  domain  is  the  site  of  PKA-dependent  regulation  because 
four  serine  residues  in  the  R  domain  are  phosphorvlated  in  vivo  when  cellular  lesels 
of  cAMP  increase.'"  Moreover,  expression  of  CF  FR  in  which  part  of  the  R  domain 
has  been  ileleted  produces  (il  channels  that  are  constitutisels  aciise,  that  is.  channel 
activation  does  not  retjuire  an  increase  in  cellular  cAMP  levels  '  '  Intracellular  nucleo¬ 
tides,  such  as  A  I  P,  also  regulate  the  CF'l  R  Cl  channel  once  phosphorvlated  b\ 
PKA,  cytosolic  A  FP  is  required  to  maintain  channel  activnv  "  A  I  P  activates  the 
channel  by  a  mechanism  independent  of  both  PKA  and  the  R  domain,  howev  er.  .\  I  P 
regulation  is  Mg’ '  -viependeni  ami  competitivelv  inhibited  bv  ,M)P  '  Fhe  NRDs  vv  ere 
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shou  n  to  be  the  sire  ot  nucleotide  rej>ij|;itif)n  beeause  site-directed  mutations  in  both 
NBIJs  modulated  regulation. 


COMPARISON  OF  CFTR  CC  CHANNELS  AND  ATP-SENSITIV  E 

K+  CHANNELS 


Intracellular  A  I  P  also  regulates  a  class  ot'K  '  channels  (A  I  P-sensitive  K'  channels. 
K-A  I  P  channels)  ’  1  he  modulation  ol  K-.\T  P  channels  in  excitable  cells  bv  intracel¬ 

lular  ATP  couples  cellular  metabolisin  and  electrical  activitv,  this  process  is  belies  ed 
to  be  imponant  in  presets  mg  cellular  homeostasis  It  has  been  speculated  that  CF  I  R 
Cl  channels  fulfill  a  simtlar  homeostatic  mechanism  in  epithelia  ’’  Rcsjulatitin  of  CF  I  R 
Cl  channels  b\'  intracellular  AT  P  mav  represent  a  strategv  h\  which  secretory  epithelial 
cells  balance  the  rate  of'transcpithclial  Cl  secretion  with  cellular  .A  I  P  Icsels.  therehs 
controlling  cell  volume  and  ionic  composition  '  ' 

Interestingly,  K-AT  P  channels  share  some  functional  propenies  ss  ith  CF  I  R  Cl 
channels  Both  CF  I  R  and  K-,\  FP  channels  can  be  regulated  bv  PK,\-dependent  phos- 
phorvlatlon.''''  ■'  In  addition,  both  channels  arc  relativelv  insensitive  to  changes  in 
membrane  voltage  and  to  the  intracellular  free  Ca' '  concentration  '  The  most 
notable  similarity  between  these  channels  is  regulation  b\  intracellular  FP.  T  he  effect 
of  ATP,  however,  differs  tor  the  two  types  of  channel;  .A  1  P  actisates  CFTR  Cl 
channels,  whereas  it  inhibits  K-ATP  channels'"'’ 'F  for  both  channels  the  effect  of 
ATP  is  coinpetitivelv  inhibited  by  ADP,’'  '  Another  difference  is  that  non-hydro- 
lyzable  analogs  of  AT  P  inhibit  K-ATP  channels,  whereas  hydrolyzable  nucleotides 
are  required  to  regulate  CFT  R,’"  ’ 

K-A'l  P  channels  haec  a  distinct  pharmacology;  they  are  inhibited  by  sulphonyl- 
ureas,  such  as  tolbutamide  and  glihenelamide,  a  group  of  hypogiycemia-inducing  drugs 
used  to  treat  diabetes  meHitus,’"  K-AT'P  channels  are  also  activated  by  a  novel  class 
of  drugs  known  as  K '  channel  openers.  ’'"'  T  hese  agents  include  cromak.ilim,  a  potent 
smooth  muscle  relaxant  with  hypotensive  and  bronchodtlatorv  activitv  in  lire,  as  well 
as  diazoxide,  an  antihypertensive  drug  also  used  to  treat  some  pancreatic  carcinom.is 


PHARMACOLOGY  OF  CFTR  Cr  CHANNELS 

In  contrast  to  K-AT  P  channels,  the  pharmacology  of  CF  I  R  Cl  channels  is  poorlv 
defined  Millimolar  concentrations  of  extracellular  diphenvTamine-2-carhoxylate  (DPC.) 
are  required  to  achieve  significant  inhibition  of  CFTR  Cl  currents'"  ' '  thearvlamino- 
benzoate  NPPB  (100-200  |aM)  applied  extracellularlv  is  reported  to  be  less  efficient 
than  DPC,’’  Extracellular  DIDS,  a  stilbene-disulphonic  acid  derivative  that  blocks 
several  types  of  epithelial  Cl  channels  docs  not  „tFect  CF  1  R  Cl  currents  at  concentra¬ 
tions  of  500  pM  "  "  Similarly,  the  Cl  channel  blockers  Zn’ '  and  the  indanvloxvacetic 
acid  derivative  IAA-94  are  ineffective  inhibitors  when  applied  extracellularlv  at  concen¬ 
trations  ot  100  and  40  pM,  respectively  '' 

Fhe  search  ftir  modulators  of  CFT  R  Cl  channels  is  important  in  at  least  two 
respects  First,  no  high  affinity  inhibitors  of  CFT  R  Cl  channels  have  been  identified 
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FIGURE  2.  FoUiutamidf  inhituts  C.F'I  R  Cd  currents.  V\  holc-ccll  currents  were  recurded  irom  :in 
NIH  .n  .!  tilirolilast  staltiv  expressing  wild-tvpe  C.F'FR.  The  inset  shosvs  that  the  holding  soliage 
seas  0  tn\'  and  voltage  was  stepped  trom  +  H)  m\'  to  -90  m\'  in  20  m\'  decrenKiiis  Doited  line 
represents  the  rero  current  level.  (A)  Baseline  conditions  (B>  Currents  recorded  2  rnin  alter  ailding 
lO  la.M  t'orskolin  and  lOO  p.Vt  IB.VEX  (c.A.MP)  (C)  Currents  recoreled  ?  min  alter  adding  'Oil  p\\ 
tolhutamidc.  (Dt  Recovers'  ot  currents.  I  ^  min  alter  washing  the  drug  from  the  hath  1  he  patch-pipettc 
contained  120  m.M  N.MiX.,  4.t  niM  Cl  and  I  mM  MgA  l  P,  the  hath  solution  contained  140 
niM  NaC!  (From  Sheppard  ano'  IV'elsIi  '*  Reprinteel  with  permission  of  the  Rockefeller  L  nis  ersits 
Press.) 


yet;  such  inhibitors  might  be  useful  as  agents  for  distinguishing  CFI  R  (  .1  channels  anti 
as  probes  of  the  mechanism  of  permeation.  Second,  novel  pharmacological  activators  ot 
CFl  R  C;i  channels  might  nrovide  an  imponant  therapy  for  the  defective  C.l  secretion 
acro.ss  CF  epithelia.  Becaus  it  the  similarities  in  regulation  by  A  I  R.  we  has  e  examined 
the  effects  of  sulphonvlurea  ind  K  '  channel  openers  on  CF  I  R  Cl  currents,  measured 
using  the  whole-cell  conhguiation  of  the  patch-clamp  technique " 


EFFECT  OF  SULPHONYLUREAS  AND  CHANNEL  OPENERS 
ON  CFTR  C|-  CURRENTS 

I  hc  effect  of  the  sulnh"nylurca  drugs,  tolbutamide  and  glibenclamide,  ss  as  tested 
following  CF  FR  Cil  current  activation  with  cAMP  agonists  Both  tolbutamide  (UfO 
pM)  and  glibenclamide  (2,1  pM)  inhibited  CFFR  Cl  currents  (Fka  2  and  D.  Inhibi¬ 
tion  showed  little  voltage  dependence,  developed  slowly,  and  sxas  reversible  with 
tolbutamide  (Fig.  2)  but  not  with  glibenclamide  (Fig  3).  Fhese  characteristics  are 
similar  to  the  effect  of  sulphonylureason  K-A  IP  channels."  '''Sulphonvlurea  inhibition 
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FIGURE  Gllbcnclanildc  inhibits  CFI  R  Cl  currents  Steady-state  l-\  relationships  tor  CiFTR 
Cl  currents  recorded  under  basal  conditions  (B).  following  cell  stimulation  svnh  cAMP  agonists 
(O),  J  min  after  addition  of  2f  nM  glibenclamide  to  the  bath  (•),  and  after  remos  mg  glibenclamide 
(□)  are  shown  Currents  were  recorded  from  an  N'lH  H  I  fibroblast  expressing  CiFTR  as  described 
in  Fig  2  (From  Sheppard  and  Welsh  “  Reprinted  with  permission  of  the  Rockefeller  Lnnersity 
Press.) 


was  concentration  dependent;  half-maxima)  inhibition  occurred  at  about  1  .‘'0  pM 
tolbutamide  and  20  pM  glibenclamide,  respectively  This  effect  was  weaker  than  their 
inhibition  of  K-ATP  channels  in  pancreatic  3  cells,'  but  not  for  K-.M'P  channels  in 
cardiac  myocytes  " 

In  contrast  to  their  effect  on  K-ATP  channels,  the  K  ‘  channel  openers  diazoxide. 
BRL  38227(lemakalim,  the  biologically  active  enantiomer  oferomakalim),  and  minoxi¬ 
dil  sulphate  did  not  stimulate  CFTR  Cl  currents,  either  under  baseline  or  c.AMP- 
stimulated  conditions.  Instead,  these  agents  inhibited  CFTR  Cl  currents  Fir.i  rf  4 
shows  the  effect  of  minoxidil  sulphate  on  CFTR  Cl  currents;  similar  results  were 
obtained  with  BRL  38227  and  diazoxide.  As  was  observed  for  the  sulphonylurcas, 
inhibition  showed  little  voltage  dependence,  developed  slowly,  and  was  poorly  rexers- 
ible.  Inhibition  by  K'  channel  openers  was  concentration  dependent;  half-maxim.tl 
inhibition  occurred  at  about  40  pM  minoxidil  sulphate,  50  pM  BRL  38227,  and 
250  pM  diazoxide.  This  effect  was  weaker  than  their  stimulation  of  K-A'FP  channels 
in  vascular  smooth  mu.sclc."’ 
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FIGURE  4.  Minoxidil  sulphate  Inhibits  CFTR  Cl  currents  Traces  are  from  an  NIH  IT?  fibroblast 
stably  expressing  CFTR,  Under  basal  conditions,  membrane  currents  measured  <  ±  100  pA  at  +  .^0 
and  -90  mV  (A)  Currents  recorded  2  min  after  adding  cAMP  agonists,  (B)  Currents  recorded  ? 
min  after  adding  100  pM  minoxidil  sulphate  (C)  Corresponding  l-\’  relationship  is  shown.  Currents 
w'ere  mea.surcd  as  described  in  Fig  2.  (From  Sheppard  and  Welsh  ''  Reprinted  w  ith  permission  of 
the  Rockefeller  University  Press,) 


EFFECT  OF  GLIBENCLAMIDE  ON  CFTR  MUTANTS 

We  were  interested  to  learn  how  K-ATP  channel  regulators  interact  with  CFTR, 
We  therefore  examined  the  effect  of  glibenclamide,  the  most  potent  inhibitor  we 
had  identified,  on  CF  currents  generated  by  several  CFTR  mutants.  We  studied 
CFTR-containing  mutations  that  affect  each  of  the  three  types  of  domains  of  CFTR. 
K335E,  which  contains  a  mutation  in  the  sixth  transmembrane  segment;  K1250M, 
which  contains  a  mutation  in  the  second  NBD;  and  CFTRAR,  where  pan  of  the 
R  domain  has  been  deleted  (amino  acids  708-835).  We  thought  it  possible  that  if 
glibenclamide  specifically  interacts  with  one  of  these  domains,  its  inhibitory  propenics 
might  be  altered. 

K3  35E  forms  Cl“  channels  that  are  similar  to  wild-type  CFTR,  except  that  the 
anion  selectivity  sequence  of  wild-type  CFTR  (Br‘  >  CF  >  F  )  is  altered  such  that 
I"  >  Br  >  CF.'‘'  However,  this  mutation  had  no  effect  on  glibenclamide  inhibition 
compared  with  wild-type  CFTR.  The  mutation  K1250M,  located  in  the  Walker  A 
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FIGURE  S.  Glibenclamide  inhibits  CFTRAR.  Traces  are  from  a  Cl 27  cell  stably  expressing 
CFTRAR  (A)  CFTRAR  currents  recorded  in  the  absence  of  cAMP  agonist.  (B)  Currents  recorded 
I  min  after  adding  100  nM  glibenclamide.  (C)  Corresponding  I-V  relationship  is  shown  Currents 
were  measured  as  described  in  Fig.  2.  (From  Sheppard  and  Welsh.''  Reprinted  with  permission  ot 
the  Rockefeller  University  Press ) 

motif  of  NBD  2  impairs  the  regulation  of  CFTR  Cl"  channels  by  intracellular  nucleo¬ 
tides^';  MgATP  is  less  potent  at  activating  K1250M  compared  with  wild-type  CFl  R 
and  the  competitive  inhibition  of  CFTR  Cl"  channels  by  intracellular  ADP  is  abol¬ 
ished.^'  Despite  these  changes  in  regulation,  inhibition  of  K1250M  Cl"  currents  by 
glibenclamide  was  similar  to  that  observed  with  wild-type  CFTR.  This  data  suggests 
that  residues  K3  3  5  and  Kl  250  do  not  form  a  critical  pan  of  the  glibenclamide  interac¬ 
tion  site.  Nevertheless,  other  residues  within  the  membrane-spanning  domains  and 
nucleotide-binding  domains  may  contribute  to  the  interaction. 

CFTRAR  forms  CT  channels  that  are  active,  independent  of  cAMP-dependent 
phosphorylation.'’  Figure  5  shows  a  family  of  CFTRAR  currents  recorded  in  the 
absence  of  cAMP  agonists.  Although  CFTRAR  Cl  channels  are  constitutively  active, 
they  possess  the  same  biophysical  properties  as  wild-type  CFTR  Cl  channels.  Deletion 
of  part  of  the  R  domain  did  not  prevent  inhibition  by  glibenclamide.  However, 
inhibition  showed  significant  voltage  dependence,  with  greater  potency  at  hyperpolariz- 
ing  voltages.  This  result  suggests  that  the  R  domain  in  some  way  affects  the  response 
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to  glibenclamide  such  that  deletion  of  part  of  the  R  domain  partially  relieves  the  block 
of  CFTR  Cl  currents  by  glibenclamide  at  depolarized  voltages.  Nevenheless,  the  data 
also  indicate  that  the  major  part  of  the  R  domain  is  not  required  for  glibenclamide 
interaction. 


IMPLICATIONS  FOR  DISEASE 

The  discovery  of  novel  pharmacological  activators  of  CFTR  Cl  channels  might 
provide  a  new  therapeutic  strategy  for  treating  CF  patients.  Although  K-ATP  channel 
regulators  did  not  activate  CFFR,  the  observation  that  CFTR  was  inhibited  by  these 
agents  suggests  an  interaction;  it  is  possible  that  related  compounds  might  prove  to 
be  valuable  activators  of  CFTR  A  similar  relationship  between  channel  activators 
and  Inhibitors  exists  with  the  dihydropyridine-sensitive  Ca’*  channel  agonists  and 
antagoni,sts.'" 

It  is,  however,  interesting  to  consider  the  possibility  that  these  or  related  agents 
might  be  of  value  in  another  disease  that  probably  involves  CFTR  Cl  channels.  CFTR 
is  located  within  the  apical  membrane  of  Cl  secreting  intestinal  epithelial  cells. 
Chloride  efflux  through  CFT  R  Cl  channels  probably  contributes  to  the  watery  diar¬ 
rhea  caused  by  microbial  toxins  such  as  cholera  toxin  and  heat-stable  E  colt  entero- 
toxin.'*'  The  development  of  therapeutically  active  blockers  of  CFTR  Cl  channels 
might  therefore  provide  a  treatment  for  ,somc  forms  of  diarrhea  The  potency  of 
glibenclamide  inhibition  of  CFTR  Cl  channels  suggests  that  it  may  be  of  value  in 
the  design  and  synthesis  of  such  drugs. 
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Because  of  the  impact  of  molecular  biological  techniques,  remarkable  progress  has 
been  made  in  recent  years  in  the  molecular  characterization  of  voltage-gated  chloride 
channels.  Even  though  our  current  view  of  this  field  is  still  very  limited,  already 
three  different  structural  classes  of  voltage-gated  chloride  channels  have  emerged:  the 
ClC-family  of  chloride  channels,  discovered  by  expression  cloning  of  the  Torpedo  electric- 
organ  Cl  channel,'  and  w'ith  more  than  three  members  identified  to  date'"';  the  U.in 
chloride  channel,''  identified  by  expression  cloning  starting  from  a  kidney  epithelial 
cell  line;  and  phospholemman,  the  major  heart  plasma  membrane  target  for  protein 
phosphorylation,  which  unexpectedly  leads  to  chloride  channel  activity  when  expres.sed 
in  oocytes.'  This  article  will  focus  exclusively  on  the  CIC  family  of  chloride  channels 
identified  and  characterized  in  our  laboratory. 


ClC-0,  THE  TORPEDO  ELECTRIC  ORGAN  CHLORIDE  CHANNEL 

ClC-0  was  the  first  voltage-gated  chloride  channel  to  be  cloned.'  The  electric  organ 
of  Torpedo  was  chosen  as  a  source  of  mRNA  for  expression  cloning  because  the 
pioneering  studies  of  Miller  and  colleagues'’"'"  have  shown  that  it  is  a  very  abundant 
source  for  voltage-gated  chloride  channels,  and  because  the  elect roplax  chloride  channel 
can  be  easily  expressed  in  Xenopus  oocytes."  Furthermore,  extensive  biophysical  data 
are  available  on  the  reconstituted  channel.'’"'"  A  hybrid-depletion  cloning  strategy’’ 
was  chosen  because  the  active  mRNA  size  was  in  the  9-10  kb  range.'  Expression 
from  the  single  cloned  cDNA  gave  currents  typical  for  the  Torpedo  electric  organ 


'  Projeas  In  the  lab  are  supported,  in  part,  by  the  Bundeministcrium  fiir  Forschung  und  Fcchnolo- 
gie,  the  Deutsche  Forschungsgemein.schaft,  theU.S.  Cystic  Fibrosis  Foundation,  and  theU  .S  .Muscular 
Dystrophy  Association 
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chloride  channel  (as  studied  in  reconstitution),  including  the  peculiar  “double-barreled” 
characteristics  when  studied  at  the  single-channel  level.”  In  this  model,  postulated  by 
Miller  and  colleagues,*  the  channel  is  composed  of  two  identical  (functional)  “proto¬ 
channels,”  which  can  open  and  close  (in  a  voltage-dependent  manner)  independently 
of  each  other,  but  which  can  also  be  closed  by  a  common  gate.  The  gate  operating 
on  the  single  “protochannel”  is  fast  and  opened  by  depolarization,  whereas  the  common 
gate  is  slow  (in  the  second  range)  and  of)en  by  hyperpolarization.  Ail  these  features, 
at  first  described  with  reconstituted  native  channels,  can  also  be  observed  when  ClC-0 
is  expressed  from  the  cloned  cDNA,  su^estingthat  there  are  no  other  essential  subunits. 
While  it  seems  plausible  that  afunctional  homodimer  should  be  assembled  from  more 
than  one  monomer  of  the  ClC-0  protein,  no  conclusion  on  the  stoichiometry  of  this 
putative  homomultimeric  channel  is  possible  to  date. 

ClC-0  is  a  protein  of  805  amino  acids  with  a  calculated  molecular  weight  of  89 
kD.'  When  analyzed  by  SDS-PAGE,  it  runs  at  roughly  7  5  kD.  This  difference  may¬ 
be  due  to  the  difficulties  in  estimating  molecular  masses  by  gel  electrophoresis  (especially 
with  hydrophobic  proteins).  There  is  no  sequence  homology  of  CIC  chloride  channels 
to  any  other  known  proteins,  including  CFTR”  (the  chloride  channel  affected  in  cy.stic 
fibrosis),  the  lun  chloride  channel,'*  and  phospholemman  .'  Hydropathy  analysis  suggests 
the  presence  of  several  hydrophobic  domains  that  may  span  the  lipid  bilayer,  and  we 
originally'  suggested  12  to  1?  transmembrane  spans,  named  Dl  through  DlT  Recent 
experiments  with  ClC-2  (described  below)  seem  to  exclude  Dl)  as  a  transmembrane 
domain,  leading  to  a  tentative  model  of  12  membrane  spans.  The  cDNA  predicts  no 
cleavable  N-terminal  signal  peptide,  suggesting  that  both  the  amino-  and  the  carboxy- 
terminus  are  on  the  cytoplasmic  side  of  the  membrane. 

The  Torpedo  channel  co-purifies  with  the  Na*  /K '  -ATPase  when  purified  by  sucrose 
gradients,  suggesting  its  presence  in  the  non-innervated  surface  of  the  electrocyte. 
These  cells  are  huge  multinucleated  polarized  cells  with  a  very  high  density  of  nicotinic- 
acetylcholine  receptors  on  the  innervated  plasma  membrane.  It  has  been  previously 
suggested  that  a  chloride  channel  at  the  opposite,  non-innervated  surface  ot  the  cell 
serves  to  clamp  its  voltage  to  the  chloride  equilibrium  potential.  During  discharge  of 
the  organ,  this  would  ensure  a  low  transcellular  electrical  resistance  and  the  generation 
of  a  transcellular  voltage  in  the  range  of  100  mV.  These  voltages  would  then  add  up 
to  more  than  1 00  V  due  to  the  arrangement  of  electrocytes  in  large  stacks  (like  batteries 
connected  in  series).  Using  antibodies  to  bacterial  fusion  proteins  and  peptides  derived 
from  ClC-0,  we  could  now  confirm  this  localization  by  immunofluorescence  studies 
(C.  Onland  and  T.  J.  Jentsch,  unpublished  results). 


ClC-1.  THE  MAJOR  CHLORIDE  CHANNEL  FROM 
SKELETAL  MUSCLE 

Because  the  Torpedo  electric  organ  is  ontogeneiically  derived  from  skeletal  muscle, 
we  suspected  that  mammalian  skeletal  muscle  cxpres.ses  a  homologue  of  ClC-0.  By- 
homology  screening  we  indeed  identified  a  muscle  chloride  channel  termed  ClC-1 
(initially  from  rat).  Overall  identity  to  ClC-0  is  about  55%,  with  highest  similarity- 
in  putative  transmembrane  regions.  It  is  a  larger  protein  than  CIC-O  due  to  extensions 
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at  the  N-  and  C-terminus,  Expression  is  highest  in  differentiated  skeletal  muscle,  with 
much  lower  mRNA  levels  in  heart  and  a  smooth  muscle  cell  line  (A  10).  Developmental 
Northern  analysis  revealed  a  dramatic  increase  in  mRNA  levels  in  rat  skeletal  muscle 
during  the  first  few  weeks  after  birth. ^  This  exactly  parallels  the  observed''  increase 
of  chloride  conductance  in  rodent  muscle  during  that  time.  Expression  in  oocytes’ 
led  to  9-anthracene-carboxylic  acid  (9-AC)-sensitive  chloride  currents,  which  showed 
inward  rectification  in  the  positive  voltage  range  and  deactivated  more  slowly  at  voltages 
more  negative  than  -  100  mV  (Fig.  1).  All  these  observations  are  fully  compatible 
with  previous  data  on  macroscopic  muscle  chloride  conductance,"’  strongly  suggesting 
that  ClC-1  is  the  major  skeletal  muscle  chloride  channel. 

This  raised  the  important  question  whether  genetic  alterations  in  CIC- 1  could  be 
the  cause  of  some  forms  of  myotonia.  .Myotonia  (muscle  stiffness)  is  a  symptom  of 
several  human  diseases.'’  There  are  two  purely  myotonic  diseases  (with  symptoms 
restricted  to  skeletal  muscles)  in  humans,  autosomal  recessive  generalized  myotonia 
(GM,  Becker’s  myotonia'*)  and  autosomal  dominant  myotonia  congenita  (MC,  or 
Thomsen’s  disease'’').  In  addition,  there  are  animal  models  for  recessive  myotonia 
(ADR  rnice)'"'"^’  and  dominant  myotonia  (myotonic  goats’').  Many  biophysical  and 
biochemical  changes  have  been  found  in  myotonic  muscle.  These  include  reduction 
of  macroscopic  chloride  conductance,”'’’’  but  also  alterations  in  sodium  channel  kinet- 
ics^’*  and  changes  in  parvalbumin  levels. “  Myotonia  can  be  elicited  in  vitro  by  applica¬ 
tion  of  9-AC,''  suggesting  that  a  large  reduction  of  chloride  conductance  is  in  principle 
sufficient  to  cause  myotonia.  The  mechanism  is  quite  simple;  in  skeletal  muscle,  chloride 
accounts  for  some  70  to  80%  of  resting  membrane  conductance"’  and  thus  assumes 
a  role  similar  to  the  one  potassium  conduaance  plays  in  most  other  cells,  namely 
stabilization  of  resting  voltage.  If  this  conductance  is  blocked  or  genetically  absent, 
the  action  potential  will  repolarize  more  slowly.  This  gives  sodium  channels  enough 
time  to  recover  from  inactivation  before  the  membrane  is  fully  repolarized,  leading 
to  a  train  of  action  potentials  after  a  single  stimulus.  A  direct  consequence  of  these 
“myotonic  runs”  is  the  impairment  of  muscle  relaxation  seen  in  myotonia. 

Using  myotonic  ADR  mice  as  a  model  system  at  first,  we  could  show  that  the 
ClC-1  chloride  channel  is  indeed  genetically  destroyed  in  this  strain."  In  that  panicular 
ca.se  the  mechanism  of  inactivation  is  the  insertion  of  a  mouse  transposon  into  an 
intron,  which  interrupts  D9  coding  sequence.  On  the  mRNA  level,  this  leads  to  several 
different  splice  variants  in  which  exonic  ClC-1  sequence  is  followed  by  transposon 
sequence.  None  of  these  mRNAs  is  able  to  encode  functional  channels.  In  addition 
to  ADR  mice,  several  other  independent  myotonic  mouse  strains  exist."'’  Since  their 
mutations  are  allelic,  other  mutations  in  CIC- 1  (e.g.,  point  mutations)  will  be  responsible 
for  myotonia  in  these  ca.ses. 

Turning  to  the  human  disea,ses,  a  tight  linkage  of  the  CLC-1  locus  to  both  recc.ssivc 
Becker’s  myotonia  and  dominant  Thomsen’s  disease  was  found,""  In  several  Becker 
families  a  point  mutation  in  CIC-I  was  identified.  Its  predicted  consequence""  is  a  Phe 
to  Cys  exchange  in  putative  transmembranc  span  D8.  Thus,  in  humans  both  recessive 
and  dominant  myotonias  are  due  to  mutations  in  the  CIC- 1  channel.  This  has  interesting 
consequences  for  the  structure  of  the  channel ;  a  recessive  disease  can  be  simply  explained 
by  a  total  loss  of  function,  in  which  the  normal  allele  leads  to  a  level  of  chloride 
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FIGURE  1 .  Electrophysiological  properties  of  CIO  1  expressed  in  Xenopus  oocvtcs  (a  and  b)  Current 
traces  from  two-electrode  voltage-clamp  experiments  The  clamp  program  is  shown  in  the  inset  abos  e 
b  (b)  0  1  mM  9-AC  has  been  added  to  the  bath  for  more  than  1  f  mm  (e)  Quasi-stcady-state  currents 
taken  from  (a)  at  the  end  of  the  4-scc  test  pulse.  Note  the  inward  rectification  in  the  positis  e  \oltage 
range,  and  the  deactivation  at  negative  voItage.s,  which  leads  to  a  current  maximum  at  ^  -  100  m\ 
(d)  Current-voltage  relationship  of  a  different  CIC-I  injected  oocvtc  .Measurements  were  done  m 
normal  saline  containing  lOJ  mM  Cl  (0);  low-chloride  saline  ('  mM  Cl  )  (0)i  and  I  f  nun  after 
application  of  0.1  mM  9-AC  in  normal  saline (□)  (From  Steinmcyerrta/  ’  Reprinted  w  ith  permission  ) 

channel  expression  sufficient  to  prevent  myotonia;  to  explain  a  dominant  form  of 
inheritance,  however,  one  needs  to  postulate  a  (homo)multimcric  structure  of  the 
channel;  dominant  mutations  will  lead  to  non-functional  subunits,  which  can  still 
associate  with  the  normal  ones  and  will  lead  to  their  inactivation.  A  homomultimcric 
structure  of  CIC  chloride  channels  is  of  course  in  line  with  the  remarks  made  above 
for  ClC-0. 
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ClC-2,  A  UBIQUITOUS  CHLORIDE  CHANNEL  INVOLVED 
IN  VOLUME  REGULATION 

ClC-2  was  identified  by  homology  screening  with  ClC-1  and  was  originally  cloned 
from  rat  heart  and  brain.'  However,  Northern  blot  analysis  and  cloning  from  the 
T84  intestinal  epithelial  cell  line  demonstrated  its  presence  in  every  tissue  and  cell  line 
examined.  This  included  typical  fibroblastic,  epithelial,  and  neuronal  tissues  and  cells, 
and  suggested  an  important  (probably  housekeeping)  function  for  every  cell.  The 
electrophysiological  properties,  when  studied  in  the  Xenopus  oocyte  expression  system,' 
were  intriguing:  ClC-2  is  closed  under  resting  conditions,  but  can  be  activated  by  \  cr\ 
strong  hyperpolarization  (in  excess  of  -  100  mV).  These  large  negative  voltages  will 
never  be  reached  m  vivo.  Once  activated  by  hypcrpolarization,  ClC-2  has  a  nearly 
linear,  slightly  inward-rectifying  current-voltage  relationship  and  a  Cl  over  1  selectivitc 

Subsequent  studies’’  revealed  that  ClC-2,  when  expressed  in  Xenopus  oocctes,  can 
be  activated  reversibly  by  extracellular  hypotonicity  (Fig  2)  This  is  probably  due  to 
cell  swelling,  since  the  slow  time-course  of  activation  is  compatible  with  the  low  water 
permeability  of  Xenopus  oocytes.'"  On  the  other  hand,  hypertonicitv  did  not  change 
the  activation  by  strong  hyperpolarization.  When  activated  by  hypotonicity,  CIC-2 
is  much  less  activated  by  hyperpolarization,  but  still  displays  some  inward-rectification 

Replacement  of  the  CIC-2  amino-terminus  with  corresponding  segments  of  ClC-O 
or  ClC-1  yielded  constitutively  open  channels  that  were  no  longer  responsite  to 
medium  tonicity.’’  An  extensive  study”  using  site-directed  mutagenesis  identified  tw  o 
distinct  regions  in  the  amino-terminus:  an  “essential”  region  of  about  1 .?  amino  acids 
where  deletions  lead  to  the  “open”  phenotype  as  seen  with  the  chimeric  channels 
described  above;  and,  further  downstream,  a  “modulating"  region,  where  deletions 
lead  to  an  “intermediate"  phenotype.  The  latter  mutants  resemble  channels  partialis 
opened  by  hypotonicity,  and,  in  contrast  to  wild-type  ClC-2.  can  now  be  closed  bv 
hypertonicity.  The  structural  requirements  on  the  "essential”  region  arc  relaxed,  since 
several  charge  deletions  had  no  effect.  However,  some  other  point  mutations  (either 
generating  new  charges  or  increasing  local  hydrophobicity)  also  resulted  in  the  “open" 
phenotype. 

The  effect  of  the  N-terminal  inactivating  domain  is  largely  position-independent  ’ 
firstly,  it  can  be  separated  from  the  channel  backbone  by  “spacer"  peptides  without 
loss  of  function;  secondly,  and  most  important,  it  confers  volume  and  \oltage  sensitivity 
when  transplanted  to  other  regions  of  the  channel  in  N-terminal  deletion  mutants  It 
was  also  functional  when  inserted  after  Dl  3,  virtually  excluding  this  (highly  conserved) 
domain  as  a  membrane-spanning  region.  Thus  these  transplantation  studies  can  ;ilso 
be  used  as  a  test  for  topological  models. 

These  results  suggest  a  model  reminiscent  of  the  “ball-and-chain”  model  '  "  for 
cation  channels;  An  N-tcrminal,  position-independent  inactivating  particle  (“ball”)  binds 
to  a  putative  “receptor”  on  the  channel  and  causes  its  closure.  In  contrast  to  K-channels, 
the  ClC-2  channel  is  inactivated  at  rest,  and  the  “ball”  is  released  bv  hyperpolarization 
or  cell  swelling.  We  hypothesized  that  this  causes  a  change  in  the  affinity  of  the 
receptor.”  Also  in  contrast  to  the  ball-and-chain  model,  deactivation  times  are  not 
determined  by  the  chain  length.  Thus  another  step  (maybe  conformation.il  changes 
in  the  protein  after  the  binding  of  the  “ball”)  must  be  rate-limiting 
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COMMON  FEATURES  OF  CIC  CHANNELS 

Work  in  the  past  few  years  has  revealed  a  family  of  voltage-gated  chloride  channels 
with  diverse  functions  and  tissue  distribution  (Table  1).  At  this  time,  three  members 
of  this  gene  family  have  been  published,  but  other  members  are  forthcoming  in  our 
group  and  undoubtedly  also  in  other  labs.  All  CIC  chloride  channels  described  so  far 
have  very  similar  topological  propenies  as  suggested  by  hydropathy  analysis  The  best 
guess  at  this  time  for  the  number  of  transmembrane  regions  is  twelve,  but  much  work 
needs  to  be  done  to  experimentally  confirm  or  refute  this  assumption.  The  same  is 
true  for  channel  subunit  stoichiometry;  both  the  “double-barreled”  structure  of  the 
Torpedo  channel  ClC-0  and  the  finding  of  dominantly  inherited  mvotonia  with  muta¬ 
tions  in  CIC-!  suggest  a  homomultimeric  channel,  but  the  number  of  subunits  is 
unknown.  As  to  electrophysiology,  the  voltage-dependencies  of  CIC-O,  ClC-l,  and 
ClC-2  are  very  different.  No  common,  high-affinity  inhibitor  of  ClC-channels  is  known 
to  date.  A  common  feature,  however,  seems  to  be  ion  selectiv  ity,  as  all  three  channels 
conduct  chloride  better  than  iodide.  Unfortunately,  single-channel  data  are  onlv  avail¬ 
able”  for  ClC-0.  In  the  future  more  members  of  this  gene  family  w  ill  emerge,  and 
site-directed  mutagenesis  will  yield  additional  insights  into  the  sttucture-function  rela¬ 
tionship  of  this  important  channel  family. 
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An  underlying  rationale  for  carrying  out  basic  research  in  biological  systems  has 
been  the  prospect  of  understanding  the  molecular  basis  for  diseases  and  abnormalities 
afflicting  both  human  and  animal  species.  As  our  knowledge  of  the  proteins  of  the 
sarcoplasmic  and  endoplasmic  reticulum  has  advanced,'  ^  researchers  have  been  able 
to  implicate  some  of  these  proteins  in  specific  abnormalities.  For  example,  abnormalities 
in  Ca^*  release  channel  function  have  been  postulated  to  be  the  underlying  cause  of 
an  inherited  abnormality,  malignant  hyperthermia. 

Malignant  hyperthermia (MH)  in  humans  is  an  abnormal  response  to  the  administra¬ 
tion  of  potent  inhalational  anesthetics  and  depolarizing  muscle  relaxants.' "  Major 
features  of  the  syndrome  are  rapidly  elevated  temperature,  cellular  ion  imbalance,  and 
skeletal  muscle  contracture.  Ventricular  fibrillation,  pulmonary  edema  or  coagulopa¬ 
thy,  and  obstructive  renal  failure  are  some  of  the  physiological  problems  that  can  result 
in  neurological  or  kidney  damage  or  death.  Fortunately,  through  careful  monitoring  of 
the  potential  onset  of  the  syndrome  and  immediate  intervention,  including  administra¬ 
tion  of  the  antidote,  dantrolene,  morbidity  and  mortality  can  usually  be  circumvented. 
In  swine,  the  same  course  of  events  can  be  triggered,  mainly  in  animals  homozygous 
for  the  defect,  by  various  forms  of  stress,  the  abnormality  being  referred  to  as  the 
porcine  stress  syndrome. 

Since  cytoplasmic  Ca^*  is  essential  for  muscle  contracture,  and  since  Ca’*  can  also 
trigger  metabolic  events  leading  to  heat  production,  it  was  reasonable  to  assume  that 
elevated  intracellular  Ca^  *  is  a  causal  faaor  in  the  MH  syndrome.  Studies  of  Ca^  * 
release  from  sarcoplasmic  reticulum  isolated  from  an  MH-susceptible  (MHS)  human' 

'  This  work  was  supported  by  grants  to  D.H.M.  from  the  Medical  Research  Council  of  Canada 
and  the  Muscular  Dystrophy  Association  of  Canada  S.R.W  C  was  a  postdoctoral  fellow  of  the 
Medical  Research  Council  of  Canada 
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and  MHS  swine'’  ’  showed  alterations  in  sensitivity  of  Ca’’ -induced  Ca’’  release  and 
of  the  rate  of  Ca’*  release,  while  studies  of  other  properties  of  the  protein  revealed 
differences  in  ryanodine  binding*  and  in  tryptic  digestion  patterns,’ 

Research  in  our  laboratory  over  the  past  decade  has  been  concerned  with  the 
cloning  of  cDNAs  encoding  the  various  isoforms  of  sarcoplasmic  or  endoplasmic 
reticulum  proteins,^  expressing  them  in  funaional  form  in  heterologous  systems,'" 
and  examining  the  effects  of  mutagenesis  of  individual  amino  acids  on  function."'" 
These  studies  have  led  us  to  an  interest  in  naturally  occurring  human  and  animal 
mutations  leading  to  genetic  abnormality  or  disease." 


RYANODINE  RECEPTOR  MUTATIONS  IN  MALIGNANT 
HYPERTHERMIA 

Our  studies  of  the  genetic  basis  for  MH  were  initiated  concurrently  with  our 
cloning  of  cDNAs  encoding  the  Ca’  *  release  channel  (ryanodine  receptor)  of  human 
skeletal  muscle  sarcoplasmic  reticulum."  We  located  the  gene  (the  RYRl  gene)  on 
chromosome  1 9qn .  1  ,'■*  thereby  gaining  access  to  a  series  of  previously  defined  poly¬ 
morphic  markers  in  this  region  that  could  be  used  in  linkage  analysis.  We  then  identified 
a  series  of  restriction-fragment  length  polymorphisms  within  the  RVRI  gene."  In 
a  linkage  study  involving  nine  families,  including  2 1  meioses,  we  found  that  the  MH 
phenotype  segregated  with  chromosome  I9q  markers,  including  our  markers  in  the 
RYRl  gene."  Cosegregation  of  MH  with  the  RYRl  markers,  resulting  in  a  lod  score 
of  4.2  (the  log  of  the  odds  favoring  linkage)  at  a  linkage  distance  of  zero  centimorgans, 
indicated  that  at  least  some  forms  of  human  MH  are  likely  to  be  caused  by  mutations 
in  the  RYRl  gene. 

The  finding  of  linkage  of  MH  to  the  RTR/  gene  provided  the  rationale  for  searching 
for  specific  mutations  in  RYRl  that  might  be  causal  of  MH.  Accordingly,  studies 
were  initiated  to  compare  the  RYRl  cDNA  sequence  from  MH  normal  (MHN) 
Yorkshire  swine  with  MHS  Pietrain  swine.  A  sin^e  point  mutation,  the  replacement 
of  Cl 843  with  T,  leading  to  the  replacement  of  Arg*''  with  Cys,  was  found  in  this 
comparative  study."  The  substitution  of  T  for  C1843  in  the  nucleotide  sequence 
leads  to  the  loss  of  a  HinPl  restriaion  endonuclease  site  and  to  the  gain  of  a  HgiA\.' 
thereby  providing  the  basis  for  our  development  of  a  diagnostic  assay  for  the  presence 
of  the  mutation  in  genomic  DNA.  We  found  that  the  polymerase  chain  reaction 
(PCR)'*  can  be  used  to  amplify  a  659  bp  segment  of  genomic  DNA  that  contains  a 
constant,  “built  in  control’’  //giAl  digestion  site,  together  with  the  variant  HgiAl 
site."  Complete  cutting  at  the  variant  site  defines  a  homozygous  MH  animal;  no 
cutting  defines  a  normal  animal;  and  50%  cutting  indicates  a  heterozygote  (Fig.  1)." 

The  presence  of  the  Cl 845  to  T  mutation  was  found  to  correlate  with  MH  in 
five  major  breeds  of  lean,  heavily  muscled  swine.  Haplotyping  within  the  gene  suggested 
that  the  mutant  gene  had  been  inherited  from  a  common  ancestor  in  these  five  breeds. ' 
Since  the  gene  appears  to  add  a  few  percent  to  lean  dressed  carcass  weight,"’  ’’  it 
would  appear  that  it  has  been  propagated  in  lean,  heavily  muscled  breeds  of  swine 
throughout  the  world  to  gain  the  benefit  of  increased  meat  production. 
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FIGURE  1.  (a)  Detection  of  the  pig  Cl 84?  to  T  mutation  by  PCR  amplification  and  subsequent 
digestion  of  the  amplified  product  with  HgiAI A  6S9  bp  PCR  product  was  amplified  from  genomic 
DNA  from  A///V  Yorkshire,  n/n  Pictrain,  N/n  Yorkshire  x  Pietram  and  n/n  British  l.andrace  pigs 
In  each  case,  the  first  lane  (-)  represents  the  PCR'amplified  product,  while  the  second  lane  (  +  ) 
represents  the  same  product  after  digestion  with  HffAl.  Since  the  mutation  of  Cl 84?  to  T  creates 
a  HgiAl  site,'  digestion  of  the  N/N  genotype  with  HgiAl  generates  ?24  and  1  ?  .?  bp  fragments 
from  the  constant  HgiAl  site,  while  digestion  of  the  n/n  genotype  generates  ?  .^8.  166,  and  1  ?  .^  bp 
fragments  through  a  combination  of  digestion  of  the  constant  and  \  ariant  HgiAl  sites.  Fragments 
of  524,  ?58,  166,  and  1  ?5  bp  arc  generated  in  a  N/n  genotype  from  full  digestion  of  the  constant 
HgiAl  site,  full  digestion  of  one  allele  at  the  variant  HgiAl  site,  but  no  digestion  of  the  other  allele 
at  the  variant  HgiAl  site  (b)  Detection  of  the  human  CI84<)  to  I  mutation  by  PCR  amplification 
( -  )  and  subsequent  digestion  ( +  )  of  the  amplified  product  with  Rsal A  922  bp  PCR  product  ss  as 
amplified  from  genomic  DNA  of  normal  (N/N)  and  susceptible  (N/n)  individuals  The  mutation  of 
Cl 840  to  T  deletes  a  Rsal  site  Rsal  digestion  of  the  N/N  product  generated  5.^0,  199,  and  179 
bp  fragments,  while  digestion  of  the  N/n  product  generated  729,  5.70.  1 99,  and  1  79  bp  fragments 
(From  Ostu  et  at.'"  Reprinted  with  permission.) 


Invariant  cosegregation  of  MH  and  the  C1843  to  T  mutation  in  swine  was  demon¬ 
strated  in  an  extensive  linkage  study. To  establish  linkage,  crosses  were  made  between 
homozygotes  and  heterozygotes  from  lines  with  defined  haplotypes  for  the  flanking 
markers,  glucose  phosphate  isomerase  {GPI)  and  6-phosphogluconate  dehydrogenase 
(PGD).  For  each  animal,  halothane  challenge  testing  and  GPI  and  PGD  haplotvping 
were  carried  out  to  establish  inheritance  of  one  or  two  copies  of  the  MH  gene,  while 
the  presence  of  Cl  843  or  1  1843  in  each  of  the  two  alleles  was  determined  in  our 
diagnostic  test.  In  the  study  of  376  animals,  including  3  38  informative  mcioses,  com¬ 
plete  linkage  was  observed,  leading  to  a  lod  score  of  102  at  a  linkage  distance  of  zero 
centimorgans. 

Using  our  diagnostic  test,  it  has  become  po.ssible  to  identify  all  swine  carrying 
the  MH  mutation  and,  through  appropriate  breeding  procedures,  to  eliminate  this 
abnormality  from  swine  populations.  Elimination  of  the  gene  will  clearly  be  of  eco¬ 
nomic  benefit  to  pork  producers.  However,  the  gene  was  propagated  because  of  its 
contribution  ro  production  of  lean  meat.  Accordingly,  it  may  be  reintroduced  into 
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certain  breeding  programs  so  that  heterozygous  slaughter  animals  will  be  generated 
that  are  less  susceptible  to  stress-induced  death,  but  carry  one  copy  of  the  MH  gene 
to  promote  muscle  hypertrophy. 

As  a  result  of  our  success  in  identifying  the  porcine  MH  mutation,  we  searched 
for  the  corresponding  mutation  in  humans.’’  The  mutation  of  Arg*''*  to  Cys  has  been 
found  in  about  I  to  2%  of  human  MH  families^’  ’''  where  it  segregates  with  MH 
(Fig.  1).  The  finding  that  the  mutation  is  so  closely  linked  to  MH  in  swine,  together 
with  the  finding  that  it  reappears  and  is  also  linked  to  MH  in  a  second  species,  is 
powerful  evidence  that  the  Cl 84?  to  T  mutation  is  causal  of  porcine  MH  and  at 
least  some  forms  of  human  MH. 

What  causes  other  forms  of  human  MH?  In  our  analysis  of  a  second  human  MH 
family,  the  substitution  of  Arg  for  Gly^'*"  was  tentatively  identified  as  a  causal  mutation 
for  human  MH,  but  close  linkage  has  not  been  established.'®  Current  research  in  our 
laboratory  is  aimed  at  discovering  additional  causal  mutations  in  the  RYRI  gene, 
either  by  sequencing  of  cDNAs  or  using  amplification  of  each  of  the  100  or  more 
single  RYRI  exons  in  genomic  DNA  from  some  15  chromosome  19-linked  MH 
families,  followed  by  detection  of  potential  mutations  by  single-strand  conformational 
polymorphism  (SSCP)  analysis’’  and  sequencing.  It  is  anticipated  that  several  new 
mutations  will  emerge  from  such  analyses,  not  only  from  our  laboratory,  but  from 
studies  worldwide. 

It  is  becoming  increasingly  clear,  however,  that  all  cases  of  familial  MH  are  not 
linked  to  RYRI^"'^*  and  estimates  of  RTR/-linked  MH  range  as  low  as  about  ?0'7c.’* 
As  yet,  no  second  MH  gene  has  been  clearly  identified,  but  the  adult  sodium  channel 
gene  is  a  candidate.^’  Since  the  critical  goal  of  MH  research  is  to  identify  MHS 
individuals  prior  to  anesthesia,  research  will  no  doubt  continue  at  a  high  level  to 
identify  causal  mutations  and  to  develop  diagnostic  tests  for  them. 


STRUCTURE/FUNCTION  RELATIONSHIPS  IN  THE 
RYANODINE  RECEPTOR 

As  indicated  earlier,  a  major  interest  in  our  laboratory  is  to  understand  structure/ 
funaion  relationships  in  sarcoplasmic  reticulum  proteins.  Thus  the  finding  that  the 
Arg®"  to  Cys  mutation"  can  cause  MH  leads  to  speculation  as  to  how  this  residue 
is  involved  in  the  function  of  the  Ca’  *  release  channel.  Since  the  Arg®  "  to  Cys  mutation 
alters  the  sensitivity  of  Ca^*-induced  Ca'*  release,  it  is  possible  that  Arg®"  is  directly 
or  indirectly  involved  in  the  binding  of  modulators  of  the  Ca'*  release  channel  and 
that  its  alteration  leads  to  hypersensitive  channel  gating.  This  postulate  is  supported 
by  analogy  to  a  homologous  Ca'*  release  channel,  the  inositol  triphosphate  (IPO 
receptor.'”  IPj  binds  to  the  NHrterminal  part  of  the  IPi  receptor  in  a  region  homolo¬ 
gous  to  that  of  the  corresponding  sequence  in  the  ryanodine  receptor"  There  is  5 1  % 
sequence  identity  between  the  39  amino  acids  surrounding  Arg®".  This  homologous 
region  is,  therefore,  a  candidate  site  for  ligand  binding  ir  both  receptors. 

Such  speculation  has  led  us  to  try  to  identify  which  other  portions  of  the  ryanodine 
receptor  are,  in  fact,  involved  in  ligand  binding  and  in  regulation  of  Ca'*  release 
through  the  binding  of  regulatory  ligands  in  the  Ca'*  release  channel.  The  Ca’* 
release  channel  is  a  homotetrameric  complex  constructed  from  a  565  kD  subunit.' 
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Transmembrane  sequences  are  located  in  the  COOH-terminal  fifth  of  each  subunit” 
and  the  remainder  of  the  subunit  is  cytoplasmic,  bridging  the  gap  between  the  sarcoplas¬ 
mic  reticulum  and  the  transverse  tubule.  Transmembrane  sequences  in  the  tetramer 
may  combine  to  form  the  transmembrane  portion  of  the  Ca^*  release  channel  and 
cytoplasmic  sequences  from  each  subunit  appear  to  interact  to  enclose  four  extended 
channels  that  radiate  from  the  central  transmembrane  channel  and  exit  in  peripheral 
vestibules.”  Single  channel  measurements  in  planar  bilayers  have  shown  that  Ca’* 
release  is  mediated  by  a  ligand-gated  channel  with  a  conductance  greater  than  100 
pS  in  50  mM  Ca’’.””  Although  it  is  not  clear  what  signals  open  the  channel  in  the 
muscle  cell,  Ca^’  and  ATP  act  synergistically  to  open  the  channel  in  isolated  vesicles, 
and  Mg'*  and  calmodulin  inhibit  channel  opening.'  Dantrolene,  the  clinical  antidote 
for  MH  reactions,*  inhibits  halothane-induced'’  and  Ca'* -induced’*  Ca'*  release  from 
sarcoplasmic  reticulum  preparations.  In  single  Ca'  *  release  channels  studied  in  planar 
lipid  bilayers,”  dantrolene  at  5-25  (iM  first  activates  and  then  inactivates  the  channel. 

cDNA  encoding  the  rabbit  skeletal  muscle  ryanodine  receptor  has  been  cloned  and 
functionally  expressed  in  Chinese  hamster  ovary  cells*'  ’*  in  Dr.  Shosaku  Numa's 
laboratory.  Whole  cell  measurements  showed  that  caffeine  or  ryanodine  could  induce 
Ca'*  release  from  intracellular  organelles  of  the  transformed  cells,  but  not  from  non- 
transformed  ceUs.  **  We  have  also  functionally  expressed  rabbit  RYRI  cDNA  in  COS- 1 
cells.  The  partially  purified  ryanodine  receptor  expressed  in  COS-1  cells  was  character¬ 
ized  by  single  channel  recordings  in  planar  lipid  bilayers. These  channels  were  respon¬ 
sive  to  pharmacological  and  physiological  ligands  that  modulate  native  ryanodine 
receptors  of  sarcoplasmic  reticulum,  indicating  that  these  ligand-binding  sites  are  en¬ 
coded  within  the  primary  structure  of  the  ryanodine  receptor.**’ 

Analysis  of  the  deduced  amino  acid  sequences  of  ryanodine  receptors  has  led  to 
predictions  of  the  location  of  transmembrane  sequences  and  regulatory  regions.  We 
proposed  that  a  modulator-binding  region  could  be  located  within  residues  2619- 
3016  in  the  cardiac  ryanodine  receptor,  since  predicted  ATP-  and  calmodulin-binding 
sites  and  a  phosphorylation  site  were  located  in  that  sequence.'**’  In  suppon  of  this 
prediction,  a  unique  calmodulin  kinase  phosphorylation  site  was  identified  in  the 
cardiac  ryanodine  receptor  at  residue  2809  and  phosphorylation  appeared  to  increase 
channel  openingtime. Dr.  Numa’s  group*'  postulated  that  a  modulator-binding  region 
could  be  located  close  to  transmembrane  segment  M|  in  their  model  for  the  skeletal 
muscle  ryanodine  receptor.  They  identified  potential  Ca'*,  ATP,  and  calmodulin¬ 
binding  sites  in  the  sequence  between  residues  4253  and  4499.  In  support  of  these 
predictions.  Fill  rtij/.’*'  demonstrated  that  polyclonal  antibodies  reacting  against  epitopes 
in  amino  acid  sequences  4445-4586  or  4760-4877  could  induce  abnormal  gating  of 
the  Ca'*  release  channel  by  decreasing  open  probability  and  stabilizing  subconductance 
states  without  blocking  the  conduction  pathway. 

In  recent  studies'”  we  have  used  combined  biochemical,  immunological,  and  electro- 
physiological  approaches  to  study  Ca'  *  binding  and  regulatory  sites  of  the  ryanodine 
receptor.  We  used  '”Ca'*  overlay  and  ruthenium  red  overlay  methods  with  trpE 
fusion  proteins  to  identify  and  localize  possible  Ca'* -binding  sites  in  segments  of  tbe 
ryanodine  receptor.  We  began  by  constructing  14  trpE  fusion  proteins  of  the  skeletal 
ryanodine  receptor  covering  about  90%  of  the  receptor  (Fig.  2).  Our  overlay  studies 
showed  that  a  fusion  protein  containing  residues  4014  to  4765  (FP13)  is  a  major 
Ca'*-binding  fusion  protein.  The  strong  Ca'*-binding  domain  of  FP13  was  then 
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localized  in  subfragments  FPl  3b,  containing  residues  4246  to  4377,  and  in  FPl  5C, 
containing  residues  4364  to  4529.  By  expressing  even  shorter  sequences,  we  eventually 
demonstrated  that  Ca^*  could  bind  to  shon  fragments  consisting  of  residues  4246- 
4267  (1 3bi),  4382-4417  (1 3ci),  and  4478-4512  (1 3c2)  each  of  which  Dr.  Numa  had 
previously  predicted  to  contain  a  Ca^'"  binding  site  (Fig.  2). 

We  then  made  polyclonal  antibodies  against  these  sequences  and  determined 
whether  they  affected  Ca'*  release  in  planar  bilayers.  We  observed  that  the  anti-1 3c2 
antibody  activated  the  Ca^*  release  channel  by  increasing  both  open  probability  and 
opening  time  without  affecting  channel  conductance.  The  antibody-activated  channel 
was  still  subject  to  modulation  by  Ca^*,  Mg^*,  ATP,  ryanodine,  and  ruthenium  red. 
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FIGURE  2 .  Mapping  of  Ca'  ’  binding  sequences  by  analysis  of  expressed  fragments  of  the  ryanodine 
receptor,  (a)  Upper  lin-.  illustrates  features  of  the  linear  sequence  of  the  ryanodine  receptor  The 
protein  is  5,035  amino  acids  in  length  with  prediaed  transmembrane  sequences  (M',  M",  Ml-MlO) 
in  the  COOH-terminal  fifth  of  the  molecule.  R‘"  refers  to  the  porcine  MH  mutation  Box  A"  and 
box  B”  refer  to  predicted  regulatory  regions.  The  lower  line  illustrates  those  fragments  of  the  molecule 
that  were  expressed  as  fusion  proteins.*'  (b)  The  boundaries  of  fusion  protein  1 3  and  subfragments 
FPl  3a,  FI  3b,  FPl  3c,  FPl  3d.  13bi,  I3ci.  and  I3cj,  are  defined  by  their  first  and  last  amino  acid 
residues,  (c)  The  sequence  of  fragment  1 3c).  The  PE  repeat  sequence,  the  epitope  for  the  anti-1 3c:p, 
antibody,  which  inhibited  channel  aaivation,  is  boxed.  The  remainder  of  the  sequence  constitutes 
the  epitope  for  the  anti-1 3ci  antibody,  which  activated  the  channel  by  raising  its  sensitivity  to  Ca’’ 
induced  Ca^*  release,  as  illustrated  in  Figure  3.  (From  Chen  it  al."  Reprinted  with  permission  > 
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FIGURE  Effect  of  as  Ca‘'  on  channel  open  probability  (Po)  in  the  presence  and  absence  of 
site-directed  anti- Ik.  antibody.  Single  channel  recordings  were  made  at  -sfO  m\  in  symmetrica) 
250  mM  NaCl  and  50  mM  Tris/100  mM  HEPES,  pH  7.4  Data  represented  by  circles,  squares, 
and  triangles  are  from  different  experiments."'  Open  symbols  denote  open  probabilities  in  the  presence 
of  anti-1  Jc.  antibody  and  solid  symbols  indicate  open  probabilities  in  the  absence  of  the  antibods 
(From  Chen  et  al"  Reprinted  with  permission.) 

The  main  effect  of  the  antibody  was  to  increase  the  Ca’*  sensitivity  of  the  channel 
so  that  the  channel  could  open  in  the  presence  of  a  much  lower  free  Ca-  concentration 
(Fig.  3).  Thus,  the  specific  modulatory  effect  of  this  antibody,  directed  against  a 
probable  Ca^*-binding  domain  in  the  skeletal  muscle  ryanodine  receptor,  strong!) 
sumested  that  the  1 3c2  sequence,  is  involved  in  the  Ca’  ‘  -induced  Ca'  release  mecha¬ 
nism.  Since  Ca'*  was  able  to  activate  the  anti- 15c.  antibody-Ca- *  release  channel 
complex,  it  was  unlikely  that  theanti-l  3c.  antibody  bound  directly  to  the  Ca-  activa¬ 
tion  site,  but  might  bind  to  a  site  adjacent  to  it  (Fig.  2).  Alternatively,  Ca’*  activation 
of  the  channel  may  occur  through  sites  other  than  the  Ca'* -binding  site  in  1 3c:. 

We  were  intrigued  by  a  proline-glutamate  (PE)  repeat  sequence,  the  predicted  high 
affinity  Ca'*  binding  site  within  the  i  5cj  sequence.*'  To  see  whether  this  sequence 
was  the  major  epitope  for  the  anti-1  3c2  antibody,  which  had  been  purified  from  an 
anti-1  3c2  rabbit  anti-serum  using  a  GST-1 5c.  antigen  affinity  column,  a  PE  repeat  o 
10  amino  acids  (1 3c2p,  in  Fig.  2)  was  synthesized  and  the  immunocrossrcactivity  ot 
the  anti-1  3c2  antibody  with  the  synthetic  peptide  wis  measured.  We  found  that  the 
anti-l  3c2pi  antibody  was  at  such  a  low  level  (0.5%)  in  the  purified  anti-1 3c.  antibody 
that  the  .stimulatory  effect  of  the  anti-1  3c.  antibody  on  single  channel  activity  was 
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FIGURE  4.  Effect  of  anti-lk-pi  antibody  on  Ca'' -activated  channel  activities  Sucrose  density 
gradient-purified  skeletal  muscle  ryanodine  receptors  were  incorporated  into  planar  lipid  bilayers  and 
single  channel  currents  were  recorded  at  +40  mV'  in  symmetrical  2  50  mM  NaCl  and  50  mM  1  ns/ 
100  mM  HEPES  buffer,  pH  7.4  Recordings  were  filtered  at  750  Hr.  and  digitired  at  5  KHz 
Sequential  additions  (cm)  of  125  pM  CaCh  (B).  0.4  pg  of  anti-IJc.-p;  antibody  (C).  100  pM  CaCl.- 
(D),  2.5  mM  ATP  (E),  and  5  mM  MgCl;  (F)  were  made  to  the  control  channel  (A)  which  was 
recorded  in  the  presence  of  4  pM  free  Ca'"  (0.2  mM  EGTA  plus  0  2  mM  CaCl.O  '''*  .Amplitude 
histograms  are  shown  for  each  condition  (From  Chen  rt  al"  Reproduced  with  permission  ) 


unlikely  to  have  been  due  to  the  anti-1  Iczp,  antibody.  Further  evidence  that  the 
anti-l  3c2  antibody  was  not  acting  through  the  PE  repeat  sec^uence  (1  Ic.'pi)  came  from 
an  examination  of  the  effect  on  Ca'‘  sensitivity  of  the  channel  of  the  anti-l  3c. pi 
antibody,  purified  from  the  anti-l  3c.  rabbit  antiserum  using  the  PE  repeat  peptide 
bound  to  a  column.  We  found  that  the  anti-l  3c.pi  antibody  inhibited  Ca’’ -induced 
channel  activity,  the  opposite  effect  to  that  found  with  the  anti-l  3c.  antibody.  The 
anti-l  3c2Pi  antibody  reduced  the  open  probability  by  20-fold  and  the  opening  time 
constant  by  threefold  when  the  channel  had  been  activated  with  125  pM  CaCd;  (Fig. 
4).  Further  addition  of  100  pM  CaCb  could  not  reactivate  the  channel. 

The  inhibition  by  the  anti-l  3c2pi  antibody  was  specific  for  the  Ca’‘  activation 
pathway  and  had  little  effect  on  the  AT  P  aciivation  pathway.  When  the  Ca’ '  -activated 
channel  was  inhibited  by  the  anti-l  3c’pi  antibody,  the  addition  of  2.5  mM  ATP 
could  reactivate  it  (Fig.  4).  The  observation  that  the  anti-l  Ic.p,  antibody  reacted  with 
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the  Ca^  *  activation  pathway,  but  appeared  to  leave  the  ATP  activation  pathway  intact, 
suggests  that  Ca^*  and  ATP  can  act  independendy,  even  though  they  undoubtedly 
interact  synergistically  within  the  cell.  The  antibody  might  provide  a  useful  tool  for 
further  investigation  of  the  Ca^*  and  ATP  activation  pathways. 

Further  study  with  caffeine  revealed  that  the  antibody  could  inactivate  caffeine- 
induced  Ca’  *  release  and  that  this  activation  could  not  be  reversed  by  further  addition 
of  Ca^*,  but  could  be  reversed  by  the  addition  of  ATP.  These  results  also  suggest 
that  the  antibody  specifically  inactivated  the  Ca^  *  activation  pathway,  since  caffeine 
is  believed  to  affect  the  Ca^*  release  channel  via  the  Ca^*  activation  mechanism. 
The  facts  that  the  inhibitory  antibody  did  not  alter  the  unitary  conductance  of  single 
Ca-*-release  channels  and  that  ATP  could  reactivate  the  antibody-inhibited  channel 
suggest  that  the  antibody  was  not  blocking  the  Ca’  ’  release  pore  or  interfering  non- 
specifically  with  conformational  changes  that  would  gate  the  channel. 

These  data  suggest  that  an  inhibitory  antibody  reacted  with  the  PE  repeat  of 
sequence  1  Bc;,  while  an  activating  antibody  reacted  elsewhere  in  the  35-residue  1 3c2 
fragment,  either  against  the  sequence  EEELV  at  the  N-terminus  or  against  pan  of 
the  sequence  KADEENGEKEEVPEAPPE  at  the  C-terminus  of  peptide  1 3c2  (Fig.  2). 
The  simplest  explanation  for  these  findings  is  that  the  PE  repeat  is  a  pan  of  the 
actual  Ca^*  binding  and  activation  site  and  the  anti-1  Jc^p,  antibody  can  inhibit  this 
interaction,  thereby  inhibiting Ca^ '-induced  Ca’*  release.  By  contrast,  the  interaction 
of  anti- 13 Cl  at  an  adjacent  site  could  enhance  the  interaction  of  Ca’"  with  the  Ca’* 
binding  site  (possibly  the  PE  repeat),  increasing  the  Ca’  *  sensitivity  for  channel  activa¬ 
tion  by  more  than  an  order  of  magnitude  (Fig.  3).  Alternatively,  the  PE  repeat  sequence 
may  have  formed  part  of  a  structure  involved  in  conformational  changes  induced 
specifically  by  Ca''*  binding  near  the  PE  repeat  or  at  a  distant  site.  Antibodies  could 
inhibit  or  enhance  such  conformational  changes  by  binding  to  the  PE  repeat  or  adjacent 
to  it,  resulting  in  inhibition  or  activation  of  Ca^' -induced  Ca^'  release. 

SUMMARY 

In  this  short  review,  we  have  described  studies  that  have  identified  Arg*''  in  the 
Ca^'  release  channel  as  a  residue  that  influences  channel  sensitivity  to  Ca^*  induced 
Ca^*  release,^  rate  of  Ca'*  release,*  and  channel  closing.'**  We  have  also  described 
studies  that  confirm  Dr.  Numa’s  predictions*'  that  residues  4246-4267,  4382-4417, 
and  4478-4512  contain  Ca'*  binding  sites.  The  site  between  residues  448  3  and  4494 
(the  PE  repeat  sequence)  may  be  a  key  binding  site  for  Ca'*  activation  of  the  channel. 
Other  residues  in  the  sequence  4478-4512  may  also  contribute  to  aaivation  of  the 
channel.  Thus  our  studies  have  contributed  to  basic  knowledge  of  regulation  of  Ca'" 
release  function.  They  have  also  provided  practical  benefits  in  defining  a  disease  gene, 
in  development  of  a  diagnostic  test  for  porcine  MH  that  is  of  economic  benefit,  and 
in  laying  the  foundation  for  human  MH  diagnostic  tests  that  may  prevent  anesthesia- 
induced  morbidity  and  mortality. 
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INTRODUCTION 

In  the  last  four  years,  a  scries  of  reports  have  implicated  mutations  in  voltage-sensitive 
sodium  and  chloride  channels  in  the  pathogenesis  of  hyperkalemic  periodic  paralysis, 
myotonia  congenita,  and  related  diseases  (Table  1).  This  review  outlines  the  clinical 
features  of  these  disorders,  selected  physiological  studies  of  muscle  from  affected  pa¬ 
tients,  the  respective  ion  channel  mutations,  and  an  approach  to  understanding  the 
biophysical  basis  of  the  diseases. 


CLINICAL  FEATURES 

The  central  problem  in  the  periodic  and  paramyotonia  congenita  is  recurring  attack.s 
of  weakness  (Table  2).  As  the  names  imply,  hypokalemic  and  hyperkalemic  periodic 
paralysis  are  characterized  by,  respectively,  low  and  high  levels  of  serum  potassium 
during  paralytic  spells.'"'  Both  disorders  selectively  target  skeletal  muscle;  the  spells 
of  weakness  are  not  accompanied  by  sensory  symptoms  or  disturbance  of  cardiac 
function  or  mentation.  Attacks  last  anywhere  from  minutes  to  hours  and  can  be 
triggered  by  rest  after  intense  exertion.  During  attacks  of  either  type  of  periodic 
paralysis,  affected  muscles  are  depolarized  and  electrically  inactive.  In  both  disorders, 
chronic  therapy  with  carbonic  anhydrase  inhibitors  such  as  acetazolamide  may  prevent 
attacks,* 
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Table  I.  Classification  of  Periodic  Paralysis  and  Myotonias 


Disease 

Gene 

Chromosome 

Non-dystrophic 

Periodic  paralysis 

Hyperkalemic 

Hypokalemic  (rarely) 

Na  channel 

17 

Paramyotonia  congenita 

Pure 

Na  channel 

17 

K-sensitive 

Myotonia  congenita 

Autosomal  dominant 

Typical  (Thomsen's) 

K-sensitive 

Cl  channel 

Na  channel 

7 

17 

Autosomal  recessive 
(Becker's  generalized) 

Cl  channel 

■ 

Schwartz-Jampel 

Dystrophic 
■Myotonic  dystrophy 

protein  kinase 

19q 

In  hyperkalemic  paralysis,  onset  is  in  early  childhood,  while  the  hypokalemic  form 
does  not  begin  until  puberty.  Hyperkalemic  paralysis  attacks  are  initiated  by  fasting 
and  may  be  terminated  by  carbohydrate  intake.  Reciprocally,  in  hypokalemic  paralysis, 
excessive  carbohydrates  may  trigger  attacks.'  ’ 

Patients  with  hyperkalemic  paralysis  typically  demonstrate  severe  muscle  rigidity 
because  of  excessive  electrical  excitation  of  the  muscle  membrane.  This  feature,  myoto¬ 
nia,  is  rare  in  hypokalemic  paralysis.  Myotonia  is  usually  exacerbated  by  exposure  to 
cold.  Myotonia  is  the  predominant  symptom  in  the  disorders  myotonia  congenita 
and  paramyotonia  congenita.  The  stiffness  in  myotonia  congenita  is  not  associated 
with  paralytic  episodes;  these  may  be  encountered  in  some  patients  with  paramyotonia 
congenita  after  cooling  of  muscles  without  abnormalities  in  serum  potassium  levels. 
In  most  of  the  myotonias,  repetitive  contractions  reduce  muscle  stiffness,  while  in 
paramyotonia,  repeated  contractions  paradoxically  accentuate  the  stiffness  (hence para¬ 
myotonia).’ 

Because  the  periodic  paralyses,  myotonia  congenita,  and  paramyotonia  congenita 
are  not  associated  with  muscle  deterioration,  they  are  described  as  “non-dystrophic  ” 
Nonetheless,  in  these  illnesses,  frequent  paralytic  crises  over  time  can  provoke  a  slowly 
progre.ssive,  irreversible  proximal  weakness.  By  contrast,  the  other  major  myotonic 
mu.scle  disorder,  myotonic  dystrophy,  is  characterized  by  progre.ssive,  disabling,  distal 
muscle  degeneration.  Unlike  the  non-dystrophic  myotonias,  myotonic  dystrophy  is 
a  multi-system  disease  with  numerous  characteristic  features  including  frontal  balding, 
cataracts,  cardiac  conduction  defects,  and  insulin-resi.stance  in  addition  to  myotonia/' 

The  inheritance  pattern  in  both  forms  of  periodic  paralysis,  paramyotonia  congenita 
and  myotonic  dystrophy,  is  autosomal  dominant.  Myotonia  congenita  may  be  either 
dominant  frhom.sen's  di.sease)  or  recessive  (Becker’s  type).' 
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MOLECULAR  BASIS  OF  PERIODIC  PARALYSIS 
AND  RELATED  MYOTONIAS 

Hyperkalemic  Paralysis  and  Paramyotonia  Congenita 

Extensive  physiological  data  implicate  a  potassium-induced  abnormality  in  sodium 
conductance  in  the  pathogenesis  of  paralytic  episodes  in  hyperkalemic  paralysis.' 
Direct  measurements  of  membrane  potentials  in  hyperkalemic  paralytic  muscle  revealed 
that  potassium  triggered  depolarization  in  excess  of  the  potential  shift  predicted  by 
the  Nernst  equation;  this  effect  was  completely  blocked  by  tetrodotoxin  (TTX),  a 
specific  blocker  of  sodium  channels.'  '' "  Cannon  grew  cultured  myotubes  from  an 
individual  with  hyperkalemic  periodic  paralysis  (mutation  Met-1 592-V'al,  Fig.  1)  and 
recorded  the  activity  of  single  sodium  channels  using  patch  clamp  techniques.’’  At 
3.5  mM  of  extracellular  potassium,  the  latency,  duration,  and  conductance  of  sodium 


HC 
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FIGURE  I .  Schematic  representation  of  voltage-dependent  skeletal  muscle  sodium  (A)  and  chloride 
(B)  channels  Positions  and  phenotypes  of  mutations  are  as  indicated  Details  tor  each  mutation  are 
in  Table  I 
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channel  openings  were  normal  in  the  diseased  musclei  by  contrast,  at  10  mM  of 
extracellular  potassium  the  channel  behavior  in  affected  myotubes  was  distinctly  abnor¬ 
mal,  with  prolonged  or  repetitive  openings  that  were  abolished  by  TTX.  These  data 
stron^y  implicate  potassium  as  a  primary  faaor  triggering  an  aberrant  sodium  channel 
gating  mode  and  persistent  sodium  current  in  channels  containing  this  particular  muta¬ 
tion. 

Fontaine  and  others  explored  this  hypothesis  by  testing  for  genetic  linkage  analysis 
between  the  skeletal  muscle  sodium  channel  and  hyperkalemic  paralysis."  Sodium 
channels  in  skeletal  muscle  are  heterodimers  composed  of  a  large  alpha  subunit  (hSKMI, 
260  kD)  and  a  smaller  beta  subunit  (36  kD)  that  is  not  essential  for  channel  opening 
but  may  be  necessary  for  correct  channel  gating."  The  messenger  RNA  encoded  by 
the  hSKMI  gene  is  specific  to  skeletal  muscle  and  is  not  expressed  in  brain,  heart, 
uterus,  liver,  or  spleen;  in  humans,  neuronal  sodium  channels  are  likely  to  be  the 
products  of  separate  genes,  as  has  been  demonstrated  in  other  mammals.  As  illustrated 
in  Figure  1(A),  the  hSKMI  alpha  subunit  is  a  polypeptide  of  1,836  amino  acids, 
hydrophobicity  analysis  predias  that  the  channel  has  characteristic  intracytoplasm ic, 
extracellular,  and  membrane-spanning  domains.  Four  major  membrane-spanning  do¬ 
mains,  believed  to  have  arisen  by  gene  duplication,  are  each  composed  of  six  transmem¬ 
brane  segments  that  have  been  highly  conserved  during  evolution.  Conserved  regions 
appear  imponant  for  channel  gating,  ion  selectivity,  and  as  receptor  sites  for  a  variety 
of  drugs  and  neurotoxins. 

Fontaine  used  the  complementary  DNA  for  hSKMl  as  a  probe  for  channel  polymor¬ 
phisms  to  map  this  skeletal  muscle  sodium  channel  gene  to  the  long  arm  of  human 
chromosome  1 7  and  document  tight  genetic  linkage  of  hSKMl  to  a  large  pedigree 
with  hyperkalemic  paralysis."  Subsequent  studies  have  confirmed  and  extended  this 
analysis  to  show  linkage  of  both  myotonic  and  nonmyotonic  forms  of  hyperkalemic 
disease  and  of  paramyotonia  congenita  to  the  same  sodium  channel  locus  on  chromo¬ 
some  17q."''*  Analogous  genetic  studies  of  myotonia  congenita  indicate  linkage  to 
at  least  two  loci."  Although  some  individuals  with  features  resembling  myotonia 
congenita  have  mutations  in  the  skeletal  muscle  sodium  channel,’®  the  defect  in  most 
patients  clearly  resides  in  the  gene  for  a  skeletal  muscle  chloride  channel,  as  discussed 
below. 

In  the  last  three  years,  a  rapidly  increasing  family  of  missense  mutations  in  the 
skeletal  muscle  sodium  channel  have  been  reported  in  hyperkalemic  periodic  paralysis, 
paramyotonia  congenita,  and  some  forms  of  myotonia  congenita  (Table  3).  The 
mutations  causing  well-defined  hyperkalemic  periodic  paralysis  are  located  toward  the 
cytoplasmic  ends  of  the  membrane  spanning  regions  in  domains  II  and  IV."'-'’  Muta¬ 
tions  causing  paramyotonia  congenita  phenotype  are  located  either  within  the  111- 
IV  cytoplasmic  loop  or  toward  the  extracellular  ends  of  S3  and  S4  alpha  helices 
in  the  channel  domain. One  mutation  causes  a  mixed  hyperkalemic  paralysis- 
paramyotonia  phenotype,  varying  between  affected  individuals  within  a  family;  this 
is  located  toward  the  inner  or  cytoplasmic  membrane  surface.^®  Another  mutation 
produces  marked,  chronic  muscle  stiffness  suggestive  of  myotonia  congenita  in  some 
but  not  all  family  members.  This  is  located  in  a  cytoplasmic  loop  associated  with 
transmembrane  segment  S6  in  domain  11.^"  (These  mutations  have  recently  been  the 
subject  of  excellent  reviews.)'"  " 
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Myotonia  Congenita 

Linkage  studies  in  myotonia  congenita  have  shown  genetic  heterogeneity  among 
affected  families. Though  some  pedigrees  with  this  clinical  picture  are  linked  to 
the  sodium  channel  gene,  the  originally  described  dominant  form  (Thomsen’s  disease) 
and  the  recessive  generalized  form  (Becker’s  type)  are  not  linked  to  chromosome  17.^'" 
Investigations  of  myotonic  goat  muscle  showed  a  relative  loss  of  permeability  to  chloride 
and  suggested  a  possible  chloride  channel  defect.’^"”  Steinmeyer  and  colleagues  re¬ 
ported  that  the  myotonic  mouse  mutant  adr/adr  lacks  chloride  conductance  because 
of  a  genetic  defect  in  a  voltage-sensitive  chloride  channel.”'  Koch  and  associates 
reported  that  families  with  both  Thomsen's  and  Becker's  myotonia  are  genetically 
linked  to  the  homologous  human  chloride  channel  gene  on  chromosome  7q;  moreover, 
a  specific  mutation  (substituting  cysteine  for  phenylalanine  in  the  D8  membrane  seg¬ 
ment)  was  identified  in  a  patient  with  Becker's  generalized  myotonia”  (Fig.  1,  B). 
Another  mutation,  a  ^ycine  to  ^utamic  acid  substitution  between  the  D3  and  D4 
segments  on  the  extracellular  channel  face,  was  found  by  George  and  colleagues  to 
cosegregate  with  the  disease  in  three  unrelated  Thomsen's  disease  pedigrees.’*  Though 
the  mutations  for  these  two  myotonic  disorders  are  found  in  the  same  gene,  in  one 
case  the  phenotype  is  recessive  (Becker’s),  while  in  the  other  it  is  dominant  (Thomsen’s). 
The  recessive  form,  which  is  clinically  more  severe,  is  postulated  to  result  from  a  loss 
of  funaional  channel  protein,  while  the  dominant  disease  could  occur  if  the  defective 
protein  somehow  inactivates  chloride  channel  subunits  encoded  by  the  normal  gene 
(a  “dominant  negative”  mutation),  possibly  by  multimer  formation. 


Myotonic  Dyttropby 

Myotonic  dystrophy  is  a  progressive  disorder  characterized  by  moderately  severe 
muscle  stiffness,  wasting  of  distal  limb  and  selected  face  and  neck  muscles,  and  other 
systemic  features.  The  defective  gene  for  myotonic  dystrophy  on  the  long  arm  of 
chromosome  19  encodes  a  protein  kinase,  myotonin.”'”’  In  myotonic  dystrophy  pa¬ 
tients,  the  kinase  gene  contains  an  enlarged  nucleotide  triplet  repeat  (CTG)  in  the  3’ 
end  of  the  gene.  The  function  of  the  protein  and  the  effect  of  this  mutation  in 
myotonic  dystrophy  remain  undefined.  Conceivably,  the  altered  kinase  could  affect 
phosphorylation  of  the  sodium  channel  and  thus  impair  channel  gating,  similar  to  the 
abnormality  described  above  in  hyperkalemic  paralysis. 


FUNCTIONAL  SIGNIFICANCE  OF  SODIUM 
CHANNEL  MUTATIONS 

At  least  three  regions  of  the  sodium  channel  appear  important  for  the  inactivation 
process  and  thus  may  be  perturbed  in  periodic  paralysis  and  paramyotonia  con¬ 
genita.”'*^  (!)  The  intracellular  loop  between  domains  III  and  IV  (Fig.  1)  is  thought 
to  aa  as  an  inactivation  gate  that  swings  into  the  inner  vestibule  of  the  open  channel 
to  effect  normal  fast  inaaivation.  Alteration  of  this  region  by  intracellular  proteases, 
site-specific  antibodies,  and  site-direaed  mutagenesis  disrupts  inactivation.*”*'  How 
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Tahle  4.  Disorders  of  Ion  Channels  and  Related  Receptors 


Disease 

Channel  or  Receptor 

Human 

Inherited 

Cystic  Fibrosis 

Chloride  channel 

Hyperkalemic  periodic  paralysis 

(CFFR') 

Sodium  channel 

Paramyotonia  congenita 

" 

Myotonia  congenita  (K-sensitivc) 

Myotonia  congenita 

Chloride  channel 

Bcckcrs  generalized  (recessive) 

(voltage-sensitive) 

Thomsen's  (dominant) 

Malignant  hyperthermia 

Ryanodine  receptor 

Slow  channel  syndrome 

Acetylcholine  receptor 

Sporadic 

Myasthenia  gravis 

Acetylcholine  receptor 

Lambert-Eaton  myasthenic  syndrome 

Calcium  channel 

Animal 

Hyperkalemic  periodic  paralysis 

Sodium  channel 

Myotonic  goat 

Chloride  channel 

Myotonic  adr/adr  mouse 

(\'oltage-.sensitivc) 

Dystrophic  dys/dys  mouse 

Calcium  channel 

Porcine  malignant  hyperthermia 

(DHP*  receptor) 
Ryanodine  receptor 

Cystic  fibrosis  transmembrane  conductance  regulator 
^  Dihydropyridinc  receptor 


do  the  mutations  within  this  loop,  associated  with  paramyotonia  congenita,  confer 
unusual  cold  sensitivity  upon  channel  inactivation?  One  may  speculate  that  the  III- 
IV  loop  mutation,  Gly-1 306-Val,  disrupts  a  putative  Gly-Gly  hinge  region  upon  which 
the  inactivation  particle  may  pivot,'*'*  and  could  thereby  render  normal  motion  of  the 
loop  (and  hence  inactivation  itselO  more  critically  temperature  dependent.  (2)  Residues 
lining  the  inner  channel  vestibule  may  serve  as  an  inactivation  gate  receptor;  in  the 
Shaker  potassium  channel,  the  analogous  region  has  been  shown  to  be  critical  for 
normal  inactivation.  It  is  interesting  that  the  four  hyperkalemic  paralysis  mutations 
are  in  putative  membrane  alpha  helices  near  the  cytoplasmic  membrane  surface  (Fig 
1).  These  mutations  might  partially  destabilize  the  interaction  between  the  inactivation 
gate  and  its  receptor.  How  elevated  extracellular  potassium  triggers  this  effect  is  unre¬ 
solved  at  this  time.  {})  At  least  one  extracellular  site,  when  bound  bv  peptide  toxins, 
impairs  inactivation.'** 

Two  additional  mechanistic  points  are  noted.  First,  as  shown  by  Cannon,  if  only 
a  small  fraction  of  mutant  channels  is  in  the  non-inactivating  mode,  the  muscle  cell 
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will  be  depolarized  and  unable  to  contract.  That  experimental  observation  is  in  excellent 
agreement  with  theoretical  computations  using  a  Hodgkin-Huxley  model.  We  have 
developed  such  a  model  using  published  voltage  clamp  data  for  skeletal  muscle;  this 
demonstrates  that  as  few  as  3-6%  of  sodium  channels  in  a  non-inactivating  state 
produce  depolarization  and  loss  of  excitability,^'’ 

Second,  this  abnormal  sodium  channel  behavior  is  necessary  but  not  sufficient  to 
generate  sustained  myotonia.  Cannon  has  shown  using  experimental  data  in  rats^  and 
the  aforementioned  computer  model'”'  that,  even  with  a  fraction  of  non-inactivating 
sodium  channels,  myotonic  discharges  persist  after  the  end  of  a  current  stimulus  only 
if  there  is  activity-driven  accumulation  of  potassium  accumulates  in  the  transverse- 
tubules.  That  is,  both  membrane  hyperexcitability  (the  sodium  channel  mutation)  and 
the  distinctive  anatomic  structure  of  the  transverse-tubules  are  required  for  myotonia. 


CONCLUSIONS 

The  last  four  years  have  witnessed  remarkable  progress  in  delineating  the  molecular 
pathogenesis  of  neuromuscular  disorders  characterized  by  disordered  membrane  excit¬ 
ability.  The  only  major  disease  in  the  group  as  yet  not  explained  by  dysfunction  of 
a  specific  molecule  is  hypokalemic  periodic  paralysis,'"'  These  disorders  appear  generally 
to  fall  within  a  growing  category  of  human  diseases  arising  from  dysfunction  of  ion 
channels  and  receptors  (Table  4).  It  is  likely  that  this  family  of  diseases  will  continue 
to  expand  rapidly  and  eventually  encompass  other  inherited  disturbances  of  e.vcitabie 
membranes,  such  as  the  familial  epilepsies. 


REFERENCES 

1.  Engel,  A.  G  1986.  The  periodic  paralyses  In  Mvology  A  G  Engel  &  B  Q  Banker.  Eds 

1843-1870  McGraw  Hill  New  York 

2.  Riggs,  J.  E  1988.  The  periodic  paralyses  Neurol  Clin  6;  485-498 

3  Barchi,  R.  L  1988.  The  myotonic  syndromes  Neurol  Clin  6:  47.!-483 

4.  Griggs,  R  C  .  W.  K.  Engel  &  J.  S.  Re.snk:k  1970  Acetaz.olamidc  treatment  of  periodic 

paralysis.  Ann  Intern  Med  73:  39-48 

5.  Rudel,  R.  &  F.  Lehmann-Horn  1985  Membrane  changes  in  cells  from  myotonia  patients 

Physiol.  Rev.  65:  3  10-3  56 

6.  Roses,  A  D  1993  Myotonic  Dystrophy  In  The  Molecular  and  Genetic  Basis  ot  Neurologic 

Disease.  R.  N  Rosenberg.  S  B.  Prusiner,  S  DiMauro,  R  L  Barchi  &  1.  M  Kunkel,  Eds 
63  3-646  Butterworth-Heinemann. 

7.  Crel’Tzfeld,  O  D  ,  B  C.  Abbott,  W  M  Fov  ler  &  C,  M  Pearson  1  96  3  Muscle  membrane 

potentials  in  episodica  adynamia.  Electrocncephalogr  Clin  Ncurophysiol  15:  508-  tl  5 

8.  Rudel,  R.  1986,  The  pathophysiological  basis  of  the  myotonias  and  the  periodic  paralyses  In 

Myology.  A  G  Engel  &  B  Q.  Banker,  Eds  :  1297-1  3  1  1 
9  Lehmann-Horn,  F  ,  R  Rudel,  K.  Ricker,  H.  Ixtrkovic,  R.  DF.Nr.LER&  C  Hope  198  5  Two 
cases  of  adynamia  episodica  hereditaria  in  vitro  investigations  of  muscle  cell  membrane 
contraction  parameters.  Mu.sclc  Nerve  6:  113-121 

10  Lehmann-Horn,  F  &  R  Rudel.  1987  Membrane  defects  in  paramyotonia  congenita  (Eulen- 

berg).  Muscle  Nerve  10:  63  5-641 

11  Ricker,  K.,  I.  M  Camacho,  P,  Graee,  F  Lehmann-Horn  &  R  R'  det  1989  Adynamia 

episodica  hereditaria:  what  causes  the  weakness?  Muscle  Nerve  12:  88  5-891 


314 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


12.  CAtM.-oN,  5.  C  ,  i\.  H.  BkowN,  U  P  Cokty.  lyvi.  A  yudiuni  >.haimci  Jcftn  di  aypcrkaiciun. 

periodic  paralysis:  potassium  induced  failure  of  inactivation.  Neuron  6:  619-626 
13  Fontaine,  B.,  T.  S.  Khurana,  E.  P  Hofe.man,  G  Bruns,  J.  L  Haines,  J  A  Troeaiter, 
M.  P  Hanson,  D  McKenna-Yasek,  J  Guseela  &  R  H  Brown,  Jr  1990  Hyperkalemic 
periodic  paralysis  and  the  adult  muscle  sodium  channel  alpha-subunit  gene  Science  2  SO: 
1000-1002 

14.  Caiterai.i  ,  W.  1988.  Structure  and  function  of  voltage-sensitive  ion  channels  Science  242: 

JO-61. 

15.  Pi  ACEK,  L.  J  ,  F  Tvt  ER &J  S.  Timmer  1991  Analysis  in  a  large  hyperkalemic  periodic  paralysis 

pedigree  supports  tight  linkage  to  a  sodium  channel  locus  Am  J  Hum  Genet  49:  3  78- 
382 

16  Koe.u,  M.  C  .  K  Ricker,  .M.  Otto,  T  Gri.m.m,  E  P  Hofeman,  R  Rldei.,  L  Bender,  B 
Zoi.1.,  P  S.  Harper  &  F.  Leieviann-Horn  1991  Confirmation  of  linkage  of  hyperkalemic 
periodic  paralysis  to  chromosome  17  j,  Med  Genet  28;  583-586 
17.  Ebers,  G  C.,  a  L.  George,  R  L.  Barchi,  S  S.  Ting-Passador,  R  G  Kailen,  G  M  Lathrop. 
J  S.  Beck.ma,n,  a.  F.  Hahn,  W.  F.  Brown,  R  D  Ca.cipbeie  &  A  j  Hldson  1991 
Paramyotonia  congenita  and  hyperkalemic  paralysis  are  linked  to  the  adult  muscle  sodium 
channel  gene  Ann  .Neurol  30:  810-816 

18  Ptacek,  1.  J.,  j  S  Trim.mer,  W  S.  Agnew,  J  W  Roberts,  J  H  Petajan  &  ,M  I.epperi 

1991.  Paramyotonia  congenita  and  hyperkalemic  periodic  paralysis  map  to  the  same  sodium 
channel  gene  Am  j  Hum.  Genet.  49:  851-854 

19  Ptacek,  L.  J  ,  P.  McMannis,  H.  Kwiecinski  &  M  Leppert  1992  Genetic  heterogeneity  in 

patients  with  the  temperature-sensitive  paramyotonia  congenita  phenotype  Ann  Neurol 
32i2JO(A). 

20  McClatchey,  a.  1.,  D  McKenna-Yasek,  D.  Cros,  H  G  Worthen.  R  W.  Kinci  .  S  ,\1 

DiSilva,  D.  R,  Cornbi.ath,  j.  F.  Guseela  &  R  H  Brown,  Jr  1992  Novel  mutations  in 
families  with  unusual  and  s’ariable  disorders  of  the  skeletal  muscle  sodium  channel  Nature 
Genetics  2;  148-152. 

2  I  Abdai.la,  j  A  .  W,  1..  Caseey,  H.  K.  Cot  sin,  A  j  Hudson,  E  G  ,Murphv,  F  C  Corneiis, 
I,  Hashemoto  &  G.  C.  Ebers  1991.  Linkage  of  Thomsen  disease  to  the  I'-cell  receptor 
beta  (TCRB)  locus  on  chromosome  7i)35  Am  J.  Hum  Genet  51;  579-584 
22  Abdai  i  A,  J  .A  ,  W.  1.  C.Asi.EY.  A  J.  Hudson,  E.  G  .Mi  rpiiy,  H  K  Cot  sin,  H  .A  ,\R,\tsrRON(. 
&  G,  C  Eber.s.  1991,  Linkage  analysis  of  candidate  loci  m  autosomal  dominant  myotonia 
congenita  Neurol  42:  1561-1564. 

23,  Kocii.  .M  C  .  K  Steinmeyer.  C  Lorenz,  K.  Ricker,  F  Woi  e,  jM.  Ono,  B  Zoi  i .  F  Leieviann- 
Horn,  K  -H.  Grzesciiik  &  T  j  Jenisch.  1992  The  skeletal  muscle  chloride  channel  in 
dominant  and  recessive  myotonia  .Science  257:  797-800 
24  Ptacek,  1,  j  .  A  I.  George,  R  C  Griggs,  R  Tavsie.  R  G  Kaiein,  R  1.  Barchi 
M  Robertson  &  M.  F  Lepperi  Identification  of  a  mutation  m  the  gene  causing  hyperkalemic 
periodic  paralysis  Cell  67:  1021-1027 

25.  Rojas,  C  V  ,  J  Wang,  L.  S.  Schwartz.  E  P  Hoee.vian.  B  R  Pow  eei  &  R  H  Brown,  Jr 
1 99 1  A  met-to-val  mutation  in  the  skeletal  muscle  Na  channel  iilpha-subumt  in  hyperkalemic 
periodic  paralysis  Nature  354:  387-389 

26  Rudolph,  J  A  .  S  J  Spier,  G  Byrns.  C  V  Rojas.  D.  Bernoco  &  E  P  Hoee.vian  1992 
Pei  iodic  paralysis  in  quarter  horses  a  sodium  channel  mutation  disseminated  In  selectn  c 
breeding  Nature  Genetics  2:  144-147 

27.  Ptacek.  1..  J  ,  A  L.  George,  Jr.,  R  I,  Barchi,  R.  C  Griggs,  J  F.  Riggs,  M  Roberison  St 
M  F,  Lepperi  1 992.  Mutations  in  an  S4  segment  of  the  adult  skeletal  muscle  sodium  channel 
cause  paramyotonia  congenita  Neuron  8;  891-897 

28  McCeaichey,  a.  1  ,  P  Van  den  Bergh.  M  P  Pericak-Vance,  VV  Raskind,  C  \  ERMitN, 

D  McKenna-Yasek,  K.  Rao,  J.  L  Haine.s,  1  Bird,  R  H  Brown,  Jr  &J  F  Gi  sh  i  s 

1992.  Temperature-sensitive  mutations  in  the  111-lV  cytoplasmic  Imip  repon  of  the  skcleuil 
muscle  sodium  channel  gene  in  paramyotonia  congenita  Cell  68;  769-774 

29  Ptacek.  L  J  ,  L  tiouw,  H  Kwiecin.ski.  P  McManis,  J  R  Mendeei.  R  J  Barohn,  \  I 


BROWN:  ION  CHANNEL  MUTATIONS  IN  PERIODIC  PARALYSIS 


3  15 


George, Jr.,  R.  L.  Barchi,  M  Robereson&  M  F  Leppert  1993  Sodium  channel  mutations 
in  paramyofcinii  congenit:’.  and  hypcrhalcmic  pcr:.''div-  (paralysis.  ,»rin.  N’cuiol,  3  3(3)  3(j0- 
307. 

30  Ptacek,  L.  J  ,  K  j  Johnson  &  R.  C.  Griggs.  1993  Genetics  and  phvsiologe  ot  the  mvotonic 

muscle  disorders.  New  Engl  J  Med.  328:  482-489. 

31  Leh.mann-Horn,  F.,  R  Rudel  &  K  Ricker.  1993  Non-dystrophic  myotonias  and  periodic 

paralyses.  Neuromuscular  Disorders  3;  161-169 

3  2 .  Bryant,  S.  H.  &  A.  Moraees-Aguii  era.  1971.  Chloride  conductance  in  normal  and  mvotonic 
mu.scle  fibres  and  the  action  of  monocarboxvlic  aromatic  acids  J  Phvsiol  (bond  )  219:  367- 
383. 

33  Bryant,  S.  H.  1979  Myotonia  in  the  goat  Ann  N  Y  Acad  Sci  317:  314-32.5 

34.  Adrian,  R.  H.  &  S  H  Bryant  1974  On  the  repetitive  discharge  in  mvotomc  ..niscie  tihers 
J  Physiol  (Lond.)  240:  50.5-.51.5 

3.5  Adrian,  R  H  &  M  V\'  Marsiiaie.  1976.  Action  potenlial  reconstruction  in  normal  and 
myotonic  muscle  fibers  J  Physiol  (Lond  )  258:  125-143 

36.  Steinmeyer,  K  ,  C.  Ortland&I  J.Jen  iscii  1991  Primary  structure  and  functional  expression 

of  a  developmentally  regulated  skeletal  muscle  chloride  channel  Nature  354:  301-304 

37.  Steinmeyer,  K,,  R  Keocke,  C  Ortland,  M  Gronemeier,  H  Jocklscii,  S  Circnder  &. 

T  Jentsch.  1991  Inactivation oriiiusi-le-'hloride channel  bv  iransposon  insertion  in  mvotonic 
mice  Nature  354:  304-308 

38  George,  A.  L  ,  Jr  ,  M  A  Crackower.  J.  A.  Abdaii.a,  A  J  Hldson  &  G  C  Ebers  1993 

Molecular  basis  of  Thomsen's  disease  (autosomal  denotement  myotonia  congenita)  Nature 
Genetics  3;  305-310 

39  Roses,  A  D  ,  M  A.  Pericak-Vance.  D  A  Ross,  I.  Va.maoia  &  R  J  Barii.eit  1986  RFLPs 

at  the  DI9S19  locus  of  human  chromosome  19  linked  to  myotonic  dystrophv  NucI  .Xcids 
Res  14:  5569 

40  Brook,  J  D  ,  M  E  McCirrach,  H.  G,  Hareey,  .-\  J  Blckier,  D  Girrcii,  H.  AflLR.\i  AM. 

K.  Hunter,  \'  P.  Stanton,  J  -P  Thireon,  T  Hudson,  R  Sous.  B  Ze.mei.man,  R  G 
Snele,  S  a,  Rundee,  S  Crow,J  Davies,  P  Siieeboirne,  J  Bl.vton,  C  Jones,  \'  Jh  o.mn. 
K, Johnson,  P  S  Harper.  D  J  Shaw&  D  E  Hois.man  1992  .Molecular  basis  of  mvotonic 
dystrophv:  expansion  of  a  trinucleotide  (CTG)  repeat  at  the  3'  end  of  a  transcript  encoding 
a  protein  kinase  family  member.  Cell  69:  385-395 

41  Stlhmer,  W.,  F  Conti,  H  Suzuki,  .X  D  Wong.  .M  Noda.  N  Vahac.i.  H  Ki  bo  Jk 

S.  Numa  1 989.  Structural  parts  involved  in  activation  and  inactivation  of  the  sodium  channel 
Nature  3  39;  597-603 

42.  Armstrong,  C,  M,,  F  Bezanieea  &  E.  Rojas.  1973.  Desiruction  of  sodium  inactivation  in 

squid  axons  perfused  with  pronase  J  Gen  Physiol  62:  375-39  1 

43.  Vassieev,  P.  M..  T  Scheuer  &  W  A  CArrERAii  1989  Inhibition  of  inactivation  of  single 

sodium  channels  by  a  site-directed  antibody  Proc  Natl  Acad  Sci  L  S,\  86:  8147-8151 
44  West,  J  W  ,  D  E  Patton,  T  Scheuer,  Y  Wang,  A.  1.  Ckn  din  &  \V  .A  Catteraii  1992 
A  cluster  of  amino  acid  residues  required  for  fast  Na'  channel  inactiv  ation  Proc  Natl  .Acad 
Sci.  USA  89:  10910-10914 

45.  Trejedor,  E.J.  &  W  a  CA  rrERAi.i  1988  Siteof  inactivation  of  alpha-scorpion  toxin  derivativ  es 
in  domain  I  of  the  sodium  channel  alpha  subunit  Proc  Natl  Acad  Sci  US, A  8.5:  8742- 
8746, 

46  Cannon,  S  C.  &  D  P.  Corey  1993  Loss  ot  sodium  channel  inactivation  bv  anemone  toxin 

(ATXII)  mimics  the  myotonic  state  in  hyperkalemic  periodic  paralvsis  J  Phvsiol  (bond  ) 
(In  press ) 

47  Cannon,  S  Ci  ,  R.  H  Brown,  Jr  &  D  P  Corey  1 993  FheoreticaJ  reconsiruciion  ol  mv  otonia 

and  paraly  sis  caused  by  incomplete  inactivation  of  stnlium  channels  Biophvs  J  65:  2  70- 
288 

48.  Fontaine,  B  ,  J  Troetaier.  G  A  Roiteai  ,  J  I,  Haines,  J  F  CiusiiiA  &  R  H  Brown. 
Jr  1992  DifFerent  gene  loci  for  hyperkalemic  and  hvjTokalemic  periodic  paralvsis  Neuromusc 
Dis  1:2  35-2  38 


316 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


49  GfoBOE,  A.  L  ,  Jr  ,  J  Komisarok,  R  C.  Kaiien  &  R  1.  Barc  iii  1992  Primar\  structure  of 

the  adult  human  skeletal  muscle  voltage-dependent  channel  Ann  Neurol  3  1:  13  1-13  2 

50  WangJ.  Z  ,J  Znoii.S  M.  Iodorovic.  W  G  Feero,  F  Barany.  R  Co^wll  I  Hai  sma-sov.  s- 

Petre'sewicz,  a.  Fidzianska.  K.  Arahata.  H  B  Wessei  &  E  P  Hoeeman  1  99  3  Molecular 
genetic  and  genetic  correlations  in  sodium  channelopathics:  lack  of  founder  effect  and  e\  idence 
for  a  second  gene.  Am.  J.  Hum  Genet.  52-.  1074-1084 

51  Wang,  J.  Z  ,  C.  V.  Rojas,  J  Zitou,  I,  S  Schwarez,  H.  Nicholas  &  t  P  Hoetmas  1992 

Sequence  and  genomic  struautc  of  the  human  adult  skeletal  muscle  sodium  channel  alpha- 
subunit  gene  on  I7q  Biochem  Biophys  Res  Common  182;  794-801 


The  Role  of  Channel  Formation 
in  the  Mechanism  of  Action  of 
Tumor  Necrosis  Factors'" 

BRUCE  L.  KAGAN,  TAJIB  M1R2ABEKOV, 

DAVID  MUNOZ,  R/\E  LYNN  BALDWIN,'’ 

AND  BERNADINE  WISNIESKE 

West  Los  Angeles  VA  Medical  Center 
Departments  of  Psychiatry  and  ‘‘Microbiology  and  Molecular  Genetics 
UCLA  School  of  Mediane 
Los  Angeles.  California 


INTRODUCTION 

Tumor  necrosis  factor  (  INF)  and  Ivmphotoxin  (LT)  are  polypeptide  cytokines 
with  pleiotropic  effects  They  arc  important  in  host  defense  against  liactena,  parasites, 
and  viruses,  and  have  inflammatory  and  metabolic  effects  INF  and  l.F  are  also 
cytotoxins  that  are  selectively  toxic  for  malignant  cells.  I'he  mechanism  of  action  l)\ 
which  I  NF  and  I.'F  exert  these  diverse  effects  remains  obscure  despite  a  great  tleai 
of  effort  in  this  area. 

I  NF  has  been  implicated  in  the  pathophysiology  ol  wasting  'cachexia)  and  h\  pertri- 
glyceridcmia.  Indeed,  it  was  independently  discovered  as  the  hormone  (cachetin)  re¬ 
sponsible  for  these  effects.'  I  NF  plays  a  key  role  in  regulating  the  immune  response 
and  has  been  suggested  to  contribute  to  a  number  of  rheumatic  disorders  ' 

More  recently  TNF  and  L'F  have  been  implicated  in  the  pathophs  siologs  of  .MDS  " 
(/)  AIDS  patients  often  exhibit  extreme  cachexia  and  wasting  (2)  I.ahdevina  ct  al  ' 
have  reported  that  all  AIDS  patients,  .^0%  of  patients  with  .MDS-rel.ited  complex 
(ARC),  and  some  patients  with  lymphadenopathy  syndrome  have  elevated  serum  le\  els 
of  I  NF  (100-200  pg/ml).  (i)  It  has  been  reported  that  monocytes  from  1 1I\  -infected 
patients  produce  high  levels  of  TNF  and  lymphocytes  from  Ul\'-intected  patients 
produce  high  levels  of  an  I.  F-like  substance.'' '  (4)  I  NF  has  been  reponed  to  activate 
HIV  replication  in  HIV-infected  cells.""  (5)  Purified  L’l  can  kill  chronicallv  Hl\  - 
infected  MOL’1-4  cells.'*  (6)  AIDS  patients  are  sub|ect  to  frequent  opportunistic  infec¬ 
tions  and  these  infectious  agents  are  [Kitent  stimulators  of  I  NF  production  b\-  mono- 


“  Hus  work  was  supisoneil  l>v  tiu-  Dcp.inniem  of  \  eterans  .-\ir.iirs  .uiil  N.inon.il  liistitiiK  ol 
Mental  Health  prant  MH4?4?.t  (B  I,  K  )  and  by  National  Institutes  ol  1  le.ilth  gram  (iM’’’40 
(BJW  )  RIB  had  a  National  Institutes  ol  1  Icsilih  ,\therosclerosis  Hredoctor.il  1  ramma  (ir.iiu 
Award  (2H2  111, ()7;K6) 
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cytes  and  macrophages.  This  mav  explain  why  frequent  infection  appears  to  speed 
the  progression  of  AIDS. 

In  addition  to  the  general  role  we  have  suggested  lor  TN'F  in  AIDS  pathophysiology  . 
a  more  specific  role  may  be  played  by  TNF  in  the  central  nerxous  system  (CNS) 
effects  of  AIDS  (/)  TNF  is  produced  by  microglia  and  astrocytes  in  the  CNS  '  (2) 
TNF  can  kill  oligodendrocytes  and  cause  demyelination  "  (S)  In  AIDS  patients,  high 
levels  of  TNF  correlate  with  encephalopathy 

Multiple  lines  of  evidence  support  the  hypothesis  that  damage  to  the  neurons 
producing  CNS  disease  is  not  a  direct  effect  of  Hl\'  infection,  but  an  induced  effect 
of  viral  proteins  or  cytokines  induced  by  HI\'  (/)  Multinucleated  giant  cells  formed 
by  HIV-induced  fusion  of  macrophages  or  microglia  can  be  found  in  close  proximity 
to  hyperplastic  cells  of  the  cerebral  microvasculature  This  suggests  blood-brain-barrier 
alterations  including  increased  vascular  permeability,  va-sculltis,  or  necrosis  '  I  hese 
areas  arc  also  deficient  in  myelin  '  (2)  Cortical  neuronal  loss  has  been  described  in 
AIDS  patients  brains,"*  and  neuronal  cell  culture  studies  indicate  that  the  gpl20  enve¬ 
lope  protein  of  HI\'  can  be  neurotoxic  m  vitro  possibly  by  increasing  intracellular  free 
calcium.''''"  1  hus  viral  envelope  proteins  can  be  toxic  without  a  direct  neuronal 
infection,  (i)  The  rapid  and  relatively  complete  responsis  eness  of  some  AIDS  dementia 
complex  (ADC)  patients  treated  with  zidovudine  suggests  that  the  initial  damage  to 
the  CNS  is  reversible.''  This  suggests  that  diffusible  factors  induced  by  Hl\  may  be 
responsible  for  initial  ADC  pathology-  (4)  HI\'-1  can  trigger  the  production  by  mono¬ 
cytes  of  cytokines,  including  I  NF,  by  binding  to  CD4.’'  CD-i-positive  1  cells  can 
be  induced  to  produce  FT  by  a  similar  mechanism  ■'  TNF  and  other  cytokines  (Il.-l , 
IL-6)  augment  HIV  replication  in  T cells  and  macrophages.''  Fhus  a  positit  e  feedback 
loop  may  generate  increasingly  large  amounts  of  TNF.  (S)  TNF  has  been  implicated 
in  the  pathogenesis  of  other  neurologic  diseases  such  as  multiple  sclerosis-  '  or  cerebml 
malaria."  The  failure  to  find  consistently  elevated  levels  of  TNF  in  the  cerebrospinal 
fluid  (CSF)  of  AIDS  patients  may  reflect  the  importance  of  /ora/  tissue  levels  of  I  NF 
rather  than  systemic  levels.  Because  TNF  can  be  produced  locally  by  macrophages 
and  microglia  in  the  brain  and  may  often  exen  its  effects  through  direct  cell-cell  contact, 
CSF  levels  may  not  correspond  to  local  tissue  levels  of  INF  (6)  In  disease  and  trauma 
states,  INF  has  been  shown  to  cause  white  matter  lesions,  a,strogliosis,  and  vascular 
changes.-'*  Taken  together  these  data  strongly  suggest  that  TNF  (and  other  evtokines) 
may  mediate  the  bulk  of  CNS  pathology'  seen  in  AIDS  '* 

TNF  is  coded  as  a  prohormone  (26  kD)  that  can  appear  as  a  transmemhranc  cell 
surface  protein  that  can  be  proteolvticallv  clipped  to  the  mature  1"  kD  form  (I'" 
amino  acids)."'’  This  monomer  non-covalvntly  aggregates  to  a  trimer,  which  is  believed 
to  be  the  physiologically  active  species  ’  I  he  amino  acid  sequence  of  I  NF  is  highlv 
conserved  amongst  mammalian  species  (See  Aggarw  itl-"*  tor  a  rev  icw  of  I  NF  structure) 
Human  TNF  has  no  carbohydrate  and  has  a  pi  of  T  3  A  single  disulfide  bralge  exists 
between  cysteines  69  and  101  Fhe  protein  contains  .ilmost  no  a-helix  and  about 
60%  (3-shcct  by  circular  dichroism.  This  is  confirmed  by  the  crystal  structure,  which 
shows  anti-parallel  P-sheet  and  a  novel  face-to-edge  packing  of  these  sheetv  Fhe 
sheets  are  organized  in  a  "ielly-roU"  motif  characteristic  of  viral  coat  proteins  .Substantial 
similarity  is  ob.servcd  between  I  NF  and  capsid  proteins  from  satellite  tobacco  necrosiv 
viruses  (STNV)  and  foot  and  mouth  disease  virus  (FMDV  ).  Fhe  ihree-dimension.il 
structure  is  also  remarkable  for  a  central  “channcT  that  extends  more  th  in  halfwav 
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down  the  threefold  axis  of  symmetry  of  the  trimer.  I  NF  binds  to  most  cells  through 
a  single  class  of  high  affinity  receptors  (0.1-1 ,0  nM),  although  a  second  class  of  lower 
affinity  receptors  is  sometimes  observed.  INF  receptors  are  homologous  to  N(iF 
receptors.  P  (or  B)  cell  antigen,  and  Shope  fibroma  virus  antigen  '  Both  INF  and 
LT  bind  to  tbe  same  receptor.'"  The  primary  sequences  of  I  NF  and  1,1  show  about 
287c  identuy  and  51%  homology.’"  A  remarkable  feature  of  the  INF  protein  is  its 
ability  to  renature  and  recover  partial  activity  after  treatment  with  urea.  SDS,  or 
guanidinium.’" 

The  ability  of  TNF  to  depolarize  muscle  cells  suggested  that  the  plasma  membrane 
might  be  a  site  of  action  of  I  NF  I  NF’s  effects  on  oligodendrocyte  necrosis  and 
periaxonal  swelling  v'ere  also  consistent  svitb  a  change  in  cell  membrane  permeability 
Furthermore,  in  model  membrane  studies,  I  NF  exhibited  a  pH-dependent  abilitv  to 
insen  into  liposomes  and  to  allow  efflux  of  calcein.''  '■*  These  studies,  coupled  with 
the  structural  studies  showing  a  potential  channel  down  the  threefold  axis  of  TNF,  ’  '  ' 
led  us  to  test  the  effects  of  TNF  and  LT  on  planar  phospholipid  bilaver  membranes 
We  report  here  that  both  TNF  and  LT  can  form  pH-dependent  ion  channels,  and 
we  suggest  that  these  channels  mav  play  a  role  in  cytokine-mediated  cytotoxicity 

METHODS 

Solvent-free  lipid  bilayers  were  formed  by  the  union  of  two  monolayers  across  an 
aperture  separating  two  aqueous  pha.ses.  We  have  described  these  techniques  in  detail 
el.sewhere,”  Ihe  formation  of  such  bilayers  was  carried  out  in  a  Feflon^  chamber 
with  two  compartments  separated  by  a  thin  (50  pm)  Teflon®  film  w  ith  an  aperture 
diameter  of  50-200  pm.  Each  of  the  compartments  was  connected  by  plastic  tubing 
to  syringes  filled  w'ith  aqueous  salt  solutions  Initially,  the  level  of  solutions  in  both 
compartments  was  raised  up  to  a  level  just  below  the  aperture.  Fhcn,  a  17  solution 
of  lipid  in  hexane  was  carefully  spread  at  the  surfaces  of  the  aqueous  phases  of  both 
compartments  A  small  amount  of  squalene  (usually  20  pi  of  a  1  7  solution  in  pentane) 
was  spread  at  the  partition  between  compartments.  After  solvent  esaporation  (15- 
20  min),  the  bilayer  was  formed  by  the  gentle  raising  of  tbe  solution  surfaces  at  both 
compartments  to  a  level  above  the  aperture  Formation  of  the  hilayer  was  verihed  b\- 
monitoring  its  electrical  characterfstics  (capacitance  and  conductance) 

To  monitor  membrane  formation,  a  triangular  wase  or  square  pulse  of  10-20  m\ 
and  100  Hz  frequency  was  used.  At  the  time  w  hen  the  levels  of  solutions  are  below 
the  aperture  level,  the  capacitance  response  was  very  small  .After  the  raising  of  the 
solution  levels  above  the  aperture,  the  capacitance  increases  when  monolayers  are 
opposed.  Union  of  two  monolayers  into  a  bilayer  is  indicated  by  a  sharp  increa.se  in 
capacitance  response.  To  measure  conductance,  a  D(i  voltage  of  100  m\'  is  applied 
to  the  bilayer.  Suitable  membranes  in  these  conditions  showed  a  stable,  voltage- 
independent  current  of  less  than  I  pA  for  at  least  10  minutes. 


Preparation  of  TNF-containing  Liposomes 

FNF-containing  protcoliposomes  were  prepared  by  incubation  of  liposomes  with 
recombinant  human  I  NF  at  a  low  pH.  Liposomes  w'cre  prepared  as  follows.  Fen 
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milligrams  ol  lipid  (200  pi  of  purified  soybean  phospholipids  in  hexane  at  a  toneentra- 
tion  of  50  mg/ml)  was  added  to  each  \  ial  and  then  dried  under  a  stream  of  nitrogen 
One  milliliter  of  salt  solution  (100  niM  NaC'.l,  10  mM  DOA-  I  ns,  pH  4  3)  was 
then  added  to  each  vial.  The  lipid-salt  solution  mixture  was  sonicated  15  min  In 
pulse-sonication.  lo  the  resulting  liposome  mixture.  1  pg  of  I  NF  was  added,  and 
then  liposomes  were  incubated  at  for  I  hour.  A  control  sample  of  liposomes 

was  incubated  in  the  same  conditions  but  without  protein  addition  After  I  h  of 
incubation  at  the  low  pH,  both  liposome  samples  were  adjusted  to  pH  7  5  b\  addition 
of  Tris  from  a  200  mM  stock  solution. 


Preparation  oi  Membranes  from  Proteoliposomes 

Formation  of  planar  lipid  membranes  from  proteoliposomes  was  carried  out  usirm 
the  method  developed  by  Schindler."'  Lipid  monolayers  were  formed  on  the  air/salt 
solution  interface  using  liposomes  instead  of  a  lipid/hexane  mixture  Monolavers  w  ere 
formed  from  the  disruption  of  liposomes  on  the  air/solution  interfaces  Proteolipo- 
somes  were  added  to  the  cis  companment  and  protein-frec  liposomes  w  ere  added  to 
the  trans  companment  After  30  min.  monolavers  were  formed  Planar  membrane' 
were  then  prepared  as  described  above  bv  a  gentle  raising  of  surface  lesels  of  both 
solutions  above  the  hole  in  the  panition  between  the  tsso  companments. 


Lipids 

Soybean  phospholipids  (Avanti)  or  a/olectin  (Sigma,  i  -a-phosphatuis  Ichohne  11-S) 
w'cre  used  in  the  experiments.  Fhese  lipids  were  purifieti  in  two  ste|w  from  tlitalenr 
cations  and  proteolipids  bv  the  method  of  l.abarca  et  jI..’  and  from  neutr.iJ  and 
oxidized  lipids  by  the  method  of  Kagaw  a  et  al. Purified  lipids  w  ere  dissoK  ed  in  hexane 
to  a  concentration  of  50  mg/ml  and  stored  at  -  20°Ci  Lo  present  oxidation,  the 
second  step  of  lipid  purification  wax  re-applied  e\er\  two  weeks. 


Electrodes 

The  measurement  of  the  electrical  parameters  of  lipid  bilavers  requires  electric.il 
connection  of  the  membrane  to  the  recording  equipment  Silver-siKer  chloride  elec¬ 
trodes  with  or  without  agar  bridges  (used  for  measurements  in  eonditionsof  as\  nimetrie 
solutions)  were  routinelv  used  Llectrode  asvmmeliw  w.is  .ilwass  less  than  !  ni\ 


Recording  Ecpiipmem 

A  Keithley  427  current  amplifier  was  rmitineh-  used  for  me.isuring  membrane 
current  /\  signtil  generator  and  oscilloscope  were  emplosed  lo  monitor  membr.ine 
capacitance  (usually  only  at  the  st.tge  of  bilaver  formation)  1  v  pic.il  capacitances  w  ere 
of  the  order  of  0  8  pF/cm  I  he  source  of  IX!  voltage  w  as  .i  b.iiterv  w  ith  volt.ige 
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divider  or  a  standard  signal  generator  For  single-channel  experiments  requiring  low 
noise  and  high  resolution,  we  employed  a  commercially  available  voltage  clamp  ampli¬ 
fier  (Axopateh  1C,  Axon  Instruments,  Sunnyvale,  CA)  with  suitable  head  stage  (CC- 
3B).  For  data  acquisition,  a  digital  tape  recorder  and  video  cassette  recorder  allowed 
recording  of  large  amounts  of  data.  A  storage  oscilloscope  was  used  for  monitoring 
membrane  capacitance  and  single-channel  recordings. 


RESULTS 

Five  to  fifteen  minutes  after  addition  of  TNF  to  one  side  of  a  lipid  membrane, 
the  conductance  increased  by  discrete  steps.  Figure  1  shows  the  current  response  of 
a  TNF-treated  membrane  to  voltage.  In  the  absence  of  TNF  the  membrane  conductance 
is  ohmic  and  equal  to  5-10  pS.  and  membranes  arc  stable  to  voltages  of  +  140  m\' 
to  -  140  mV.  The  side  to  which  TNF  is  added  is  taken  as  ground,  hence,  voltages 
correspond  to  the  "cytoplasmic”  voltage.  The  conductance  induced  by  TNF  is  due 
to  formation  of  ion-permeable  channels.  Observed  single-channel  conductances  are 
heterogeneous,  but  can  be  grouped  into  two  main  classes,  one  centered  at  —  5  to  10 
pS,  and  a  second,  larger  class  ranging  from  —  200  to  2,000  pS  The  most  frequently 
observed  event  is  5  pS  at  a  sodium  chloride  concentration  of  100  mM.  Although 
channels  can  form  at  pH  7.2,  channel  formation  is  dramatically  enhanced  by  lowering 
the  pi  I  of  the  aqueous  phase  containing  TNF.''' 

Figure  2  shows  current  fluctuations  due  to  the  presence  of  TNF  in  membranes 
formed  from  proteoliposomes.  These  records  demonstrate  that  TNF  can  readily  form 
channels  at  pH  7.2  and  that  this  method  of  reconstitution  can  reliably  produce  single 
channels  for  recording.  Since  the  incorporation  of  TNF  into  liposomes  at  acidic  pH 
has  been  demon,strated  by  photolabeling,"  there  can  be  little  doubt  that  these  channels 
are  due  to  the  prc.sence  of  TNF  in  the  membrane.  Their  propenies  (voltage  dependence, 
kinetics,  ionic  selectivity)  are  quite  similar  to  TNF  channels  incorporated  from  aqueous 
solution.  Since  membranes  are  more  stable  at  pH  7.2,  this  enhances  our  ability  to 
record  channels  successfully. 


FIGURE  ! .  Membrane  turreni  fluetuations  induced  bv  T'NF  A  planar  lipid  membrane  w  as  formed 
from  soybean  phospholipids  Salt  solutions  contained:  100  mM  NaGI,  2  mM  MgC'.l,  10  mM  dimcthvl 
glutaric  acid-NaOH  (pH  4  ?)  in  the  cm  side  and  100  mM  NaC.l,  2  mM  Mg(!l,  10  mM  I  ris-lKl 
(pH  7  5)  in  the  tram  side  1  =  22°G  Addition  of  roO-7(M)  ng/ml  of  I  NF  to  the  membrane  resulted 
in  the  formation  of  channels  with  conduct.ince  approximately  t-7  pS  More  rarelv.  current  transitions 
(channels)  with  conductances  0  1-1  nS  were  observed  (data  not  shown) 
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FIGURE  2.  Ion  channel  conductance  transitions  o(  a  lipid  bilaycr  formed  from  INF-containini; 
proteoiiposomes.  For  formation  of  the  planar  membrane  on  a  150  pm  hole  m  the  Teflon  him. 
two  lipid  monolayers  were  u.sed;  a  monolaver  formed  from  TNF-containing  azolectin  liposomes  on 
one  side  and  a  monolayer  formed  from  pure  az.olectin  liposomes  on  the  other  side  Membrane  s  oltage 
was  +40  m\  Symmetric  salt  solutions  contained  100  mM  NaCl.  10  mM  DCiA-Iris.  pH  5 


We  recently  proposed  that  the  observation  of  channels  with  a  variety  ot  single¬ 
channel  conductance  amplitudes  might  be  a  result  of  INF-trimer  aggregation  in  the 
membrane.'''  Therefore  we  tried  to  find  the  conditions  under  which  TNF  might  be 
disaggregated. 

To  accomplish  this  we  added  TNF  together  with  a  low  concentration  ot  the 
nonionic  detergents  Triton  X-IOOoroctyl^ucopyranoside.  or  used  high  salt  concentra¬ 
tions  in  the  aqueous  solutions.  Addition  of  0  l-.T.O  pg/ml  ot  detergents  (at  this 
concentration  the  detergents  do  not  change  the  electrical  properties  ot  lipid  bilayers) 
did  not  change  the  channel-forming  activity  and  amplitude  distribution  of  observed 
TNF  channels.  Incorporation  of  TNF  into  membranes  at  I  M  NaC.l  also  revealed  a 
wide  distribution  of  amplitudes  with  peaks  at  10,  50.  80,  160,  320,  360,  500  p.S  and 
2.2  nS  approximately  (Fig.  3).  Whether  these  peaks  represent  multiple  conductance 
states  of  a  channel  or  multiple  molecular  species  is  uncertain. 

Addition  of  lymphotoxin  (LT  or  T  NFQ)  to  the  lipid  bilaycr  also  results  in  formation 
of  ion  channels.  Figure  4  shows  the  macroscopic  currents  induv  cd  by  FI  in  a  planar 
lipid  bilayer.  Note  that  the  conductance  increases  at  (trans)  positive  voltages  and 
decreases  at  negative  voltages.  T  hesc  recordings  were  made  in  conditions  ot  a  pH 
gradient  (I.  T  side:  4. y/frans  side  7.2).  In  symmetric  pH  conditions,  the  voltage  depen¬ 
dence  is  much  less  apparent.  Figure  5  shows  current  fluctuations  due  to  single  channels 
of  I.  f .  Note  that  the  predominant  size  of  6  ±  !  pS  is  very  close  to  the  single-channel 
conductance  of  T  NF  under  these  conditions.  As  with  TNF,  larger  conductance  steps 
can  also  be  seen  at  later  times  after  addition,  sugge,sting  a  possible  aggregation  ot  1.1 
in  the  membrane.''' 
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FIGURE  5.  Amolitudc  distribution  histogram  ol  ion  channels  formed  by  f  \F  in  azolectm  mem¬ 
branes  at  high  salt  concentrations  Solutions  with  asymmetric  pH  contained  1  M  NaC'.l,  2  m\5 
MgC'.l.',  10  mM  DGA-NaOH,  pH  4  5  in  theoj  side  and  1  M  NaCl,  2  mM  MgCil-,  10  mM  Tris-HC',1. 
pH  7.5  in  the  tram  side.  I  NF  was  added  to  the  as  side  to  a  concentration  of  500-700  ng/ ml  Daia 
from  six  experiments  were  used  The  number  of  events  is  524 


DISCUSSION 

The  following  data  support  our  conclusion  that  channel  formation  is  intrinsic  to 
TNF  and  LT'.  First,  in  the  absence  of  added  TNF  and  LT,  no  channel  activity  is 
observed.  Second,  three  separate,  highly  purified  preparations  of  TNF  and  LT  (recombi¬ 
nant  human  TNF  from  Genentech,  recombinant  human  LT  from  Genentech.  and 
natural  human  TNF  from  Calbiochem)  produced  similar  channel  activity.  Third,  boil¬ 
ing  TNF  for  5  min,  which  eliminates  biological  activity,  also  eliminates  channel-forming 
activity.  Fourth,  channel  activity  is  greatly  enhanced  by  low  pH,  This  is  consistent 
w'ith  reports  showing  that  membrane  insertion"  and  permeabilization "  increase 
at  low  pH.  Although  our  results  seem  to  contrast  with  those  of  Young,^’  who  found 
no  effect  of  TNF  on  lipid  membranes,  we  should  point  out  that  his  experiments  were 
not  performed  in  the  presence  of  a  pH  gradient,  a  requirement  for  optimal  INF  channel 
activity  that  is  highly  reminiscent  of  findings  with  diphtheria  toxin.'"  Funhermore,  his 
membranes  contained  cholesterol,  which  renders  membranes  more  rigid  and  ma\ 
inhibit  protein  insertion 

Despite  intensive  study,  the  cellular  mechanisms  of  action  of  TNF  remain  unclear. 
No  enzymatic  activity  has  been  identified,  and  some  evidence  suggests  LNF  must  be 
internalized  to  act.  Other  evidence  suggests  that  cell  surface  TNF  receptors  can  mediate 
the  action  of  TNF.  Although  TNF  receptors  arc  necessary  for  cells  to  be  sensitive  to 
TNF,  there  is  no  direct  correlation  between  the  number  of  receptors  and  the  sensitivity  ' 
After  binding  to  the  receptor,  TNF  is  internalized  and  degraded 

Seyeral  lines  of  evidence  implicate  a  role  for  membrane  damage  in  LNF  action 

(1)  A  degradation  product  of  TNF  secreted  into  the  medium  is  lytic  for  liposomes  " 

(2)  TNF  can  relea.se  calcium  from  lipo,somcs  of  pH  <5."  (J)  TNF  can  induce  lysis 
of  internal  membranes,'*'  (4)  Acidic  phospholipids  can  incrca.se  the  ability  of  TNF  to 
lyse  liposomes.""  (5)  TNF  can  increase  the  calcein  permeability  of  negatively  charged 
liposomes  at  pH  5-6  and  even  neutral  liposomes  release  calcium  when  treated  with 
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FIGURE  4.  Rntential  dependence  of  the  lymphotoxin-induccd  steady-state  current  Lvmphotoxin 
was  added  to  a  final  concentration  of  2  pg/ml  The  figure  demonstrates  that  at  negative  membrane 
potential  ( -  100  mV)  lymphotoxin-induced  membrane  current  decreases  After  application  of  positis  e 
voltage  (■!•  100  mVl  current  again  increases  to  the  original  level 


TNF  at  pH  4.5.''*’  This  correlates  well  with  the  increased  hydrophobicitv  of  FNF  as 
measured  by  ANS  fluorescence.'”'"’  Other  groups  have  also  observed  that  TNF  can 
insert  into  liposomes  without  causing  efflux,  and  that  this  insertion  is  pH  dependent.” 
{6)  A  TNF  mutant  with  poor  toxicity  to  L929  cells  also  fails  to  cause  calcium  efflux 
from  liposomes. It  has  also  been  observed  that  TNF  leads  to  internucleosomal  DNA 
cleavage  and  that  inhibitors  of  ADP-ribosylation  block  TNF  toxicity  .'" These  investi¬ 
gators  noticed  the  similarities  between  the  cell  killing  induced  bv  TNF  and  bv  diphtheria 
toxin  (D'D,  which  has  been  found  to  form  channels  in  lipid  bilavers,”  and  in  target 
cells.  DT  and  TNF  both  lyse  cells  in  a  time-  and  concentration-dependent  manner, 
bind  to  cell  surface  receptors,  and  are  then  endocytosed.  I'his  leads  to  an  apoptotic 
cell  death  with  early  DNA  fragmentation,  and  the  toxicity  of  both  proteins  can  be 
blocked  by  ADP-ribosylation  inhibitors.' 

Although  the  above  data  demonstrate  convincingly  that  I  NF  and  LF  can  form 
ion-permeable  channels  in  lipid  membranes  in  a  pH-dependent  manner,  the  tjuestion 
of  whether  these  channels  are  relevant  to  the  action  of  TNF  in  vivo  remains  .Addition 
of  TNF  to  human  U937  histiocytic  lymphoma  cells  rapidly  increases  -  'Na'  uptake 
by  approximately  100-300%,  in  the  presence  or  absence  of  ouabain  Fhe  simplest 
explanation  for  this  enhanced  Na*  uptake  is  a  direct  permeabilization  of  the  target 
cell  membrane  by  INF.’” 


FIGURE  S.  Current  fluctuations  of  a  planar  lipid  bilaycr  induced  by  one-sided  addition  of  1\  mpho- 
toxin  (TNFjl  or  l.T).  The  membrane  was  bathed  by  salt  solutions  svith  asymmetric  pH  (as  100 
mM  NaCI,  2  mM  MgCb.  10  mM  DGA-NaOH,  pH  4.5;  /raw  lOO  mM  NaCl.  2  m.M  .VfizCl-.  10 
mMTris-HCl.pH  7.5),  Holding  potential  was  +  120  mV  l.T  was  added  to  the  solution  w  ith  lower 
pH  (cis  side)  to  a  final  concentration  of  600  ng/ml 

It  is  noteworthy  that  the  three-dimensional  structure  of  TNF  shows  striking  homol¬ 
ogy  to  that  of  several  viral  coat  proteins,’’'  including  the  influenza  hemagglutinin  HA, 
which  displays  acid-dependent  membrane  fusogenic  activity  This  suggests  a  possible 
role  for  the  “jelly  roll”  motif  in  facilitating  acid-dependent  membrane  penetration.  Our 
results  raise  the  funher  possibility  that  acid-facilitated  conformational  changes  and 
subsequent  membrane  penetration  may  allow  the  central  "channel-likc”  region  of  the 
TNF  trimer  to  assume  an  “open”  state. 

Channel  formation  by  TNF  would  explain  the  rapid  decrea.se  in  resting  membrane 
potential  in  skeletal  muscle  observed  by  Tracey  ft  al..''  the  increased  cellular  Na'  and 
water  levels  seen  in  endotoxic  shock,^"  and  the  myelin  dilatation,  oligodendrocyte 
necrosis,  and  periaxonal  swelling  seen  by  Selmaj  and  Rainc.'*  Channel  formation  in 
an  internal  membrane  might  explain  the  inhibition  of  mitochondrial  energy'  transfer 
caused  by  TNF.'*'’  The  presence  of  TNF-spccific  receptors  on  the  plasma  membrane 
might  compensate  for  the  relatively  low  channel-forming  activity  of  I  NF  seen  with 
planar  membranes  at  neutral  pH  (e  g.,  by  facilitating  membrane  insertion)  Focalized 
acid  pH  effects  are  also  possible  both  intracellularly  (e.g.,  in  endosomes)  and  extracellu- 
larly  (e.g.,  near  activated  macrophages  and  osteocla.sts). 

T  he  cytotoxic  effects  of  T'NF  and  FT  could  be  explained  quite  simply  by  channel 
formation.  The  presence  of  these  channels  in  the  plasma  membrane  of  target  cells 
could  induce  efflux  of  vital  intracellular  ions  such  as  K'  or  Mg-'  '"''  ,\lternatitel\ . 
an  influx  of  toxic  elements  such  asCa’  ’  could  occur  through  an  ion  channel.  Determina¬ 
tion  of  the  precise  mechanism  of  killing  must  await  further  studies. 
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The  pH  dependence  of  channel  formation  may  be  relevant  to  the  multiplicity  of 
actions  of  TNF.  Entry  into  an  acidic  endosome  may  induce  TNF  to  form  channels 
with  altered  voltage  dependence  and  may  have  a  different  effect  on  the  target  cell 
than  channel  formation  at  the  plasma  membrane.  Alternatively,  channel  formation 
may  be  related  to  entry  of  TNF  into  the  cytosol  as  is  the  case  for  diphtheria  toxin.''* 
Finally,  it  must  be  considered  that  channel  formation  may  represent  an  epiphenomenon 
that  reflects  the  ability  of  TNF  and  LT  to  insert  themselves  into  membrane  environ¬ 
ments  under  appropriate  conditions. 
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INTRODUCTION 

Several  years  ago,  molecular  biology  clarified  the  amino  acid  sequences  of  rhodopsin. 
transducin,  phosphodiesterase,  and  ion  channels  involved  in  phototransduction  of 
venebrate  photoreceptors.'  According  to  the  accumulated  data,  we  can  visualize  how 
the  received  signal  is  transmitted  from  rhodopsin  molecule  to  ion  channels.  The  photo- 
.signal  is  initially  received  in  the  1 1-di  retinal  molecule,  which  binds  basically  to  Lvs-?06 
in  the  seventh  helix  of  opsin.  The  helix  VII  is  considered  a  principal  region  for  photore- 
ception  along  with  helix  II.  The  photoisomcrization  of  retinal  induces  isomerization 
of  X-pro,  which  is  involved  unusually  in  the  helix  structure.  This  isomerization  will 
induce  a  large  change  in  domain  .structure,  which  is  composed  of  three  cytosolic  loops 
and  .some  peptides  involved  in  the  C-terminal.  This  structural  change  will  activate  the 
G-protein.  When  the  G-protein  is  associated  with  an  activated  rhodopsin,  the  binding 
constant  of  this  protein  to  GDP  is  lowered  and  its  affinity  to  GTP  is  increased.  Thus 
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GTP-GDP  exchange  interaction  occurs  on  the  G-protein  moleculf  When  G  I  P  hinds 
to  G,a  the  complex  is  divided  in  two.  One  part  is  GTP-G,a  and  the  other  is  Cj.Py. 
thought  to  remain  in  the  membrane.  GTP-G,a  becomes  free  from  the  membrane 
and  can  activate  phosphodiesterase  (PDE),  which  is  composed  of  three  subunits  (P„, 
Pp,  and  Py),  It  is  estimated  that  an  activated  single  rhodopsin  can  produce  more  than 
500  GTP-G,a.  The  signal-carrying  complex  molecule  GTP-G.a  will  bind  to  Py  (1  i 
kD)  of  PDE  and  remove  this  smallest  subunit  from  the  others.  By  this  process,  PDE 
is  activated  and  it  hydrolyzes  about  500  cGMPs  to  5-GMPs.  The  hydrolyzation  of 
cGMP  will  close  ion  channels  and  a  hyperpolarized  response  is  generated.  Figlrf  1 
illustrates  this  admittedly  oversimplified  model  for  information  flow  of  vertebrate 
photoreceptor.  This  model  does  have  some  problems  to  be  solved.  One  problem  is 
how  a  large  protein  molecule  such  as  G,a  could  move  freely  in  the  cytosol  and  hit 
exactly  a  target  molecule,  Py.  This  is  very  unlikely.  Another  problem  is  more  serious 
because  this  model  uses  a  negative  second  messenger,  whose  diffusion  constant  mav 
be  far  less  than  that  of  a  positive  messenger.  If  we  use  a  negative  messenger  system, 
we  can  not  explain  sufficiently  the  time  resolution  of  photoresponse.  'Fherefore  there 
is  still  a  possibility  that  the  model  will  change  again. 

In  the  case  of  the  photoreceptor  system  of  invertebrate  signal,  the  mechanism  might 
be  more  complicated.  In  1985,  we  found  that  phospholipase  C,  which  hydrolyzes 
phosphatidylinositol  (PI)  and  phosphatidylinositol  4.,5-bisphosphatc  (PIP;),  is  essential 
for  photodetection  in  Drosophila  eye  when  using  a  visual  transduction  mutant.’  ’  Alan 
Fein  and  his  collaborators,  however,  found  that  inositol  1 ,4.5-trisphosphate  (IPO. 
which  is  a  hydrolyzed  product  of  PIP.,  is  not  involved  in  the  phototransduction 
process.^  Many  researchers  tried  to  solve  this  contradiction  but  failed.  Furthermore,  the 
response  time  of  the  invertebrate  photoreceptor  (for  example.  Drosophila)  is  estimated  at 
less  than  .several  ten  flsec  (unpublished  data).  To  make  clear  the  complicated  phenom¬ 
ena,  we  focused  our  attention  on  the  characteristics  of  PIP;  molecules  and  developed 
a  new  model  to  explain  these  contradictory  results.  The  situation  described  above 
tells  us  that  a  totally  different  approach  is  needed  to  understand  the  actual  mechanism 
of  signal  transmission  in  the  invertebrate  visual  cell.  Before  proposing  a  neu  model 
of  signal  transduction  in  invertebrate  photoreceptor,  we  would  like  to  introduce  "en¬ 
tropy,"  a  fundamental  concept  to  help  consider  information  transmission  from  receptor 
to  ion  channel. 


THE  GENERAL  THEORY  FOR  SIGNAL  TRANSMISSION 
IN  BIOLOGICAL  SYSTEMS 

It  has  been  believed  that  any  type  of  .signal  transmission  can  be  explained  bv 
information  theory,  which  was  developed  about  20  years  ago.  This  established  concept 
was  successfully  applied  to  genetics  and  neuroscience.  In  the  ca.se  of  neuroscience,  the 
information  theory  was  applied  to  the  central  nervous  .system  (CNS)  to  aniilvzc  the 
information  capacity  of  nerve  fibers,  information  processing  in  CNS,  and  information 
tran.smission  from  endolympha  to  basilar  membrane  '  I'he  concept  can  be  expanded 
to  determine  the  role  of  macromoiccules  in  information  transmission  inside  a  cell 
Here  we  would  like  to  propose  an  information  transmission  model  at  the  cellular 
level,  focusing  on  the  flow  of  entropy. 
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The  Relationships  between  Information  and  Entropy 

In  1949,  Shannon  proposed  a  new  formula  describing  relationships  between  the 
information  quantity  of  a  sentence  (I)  and  the  appearance  probability  of  letters  (P),  ’ 

1  =  -logP.  (1) 

This  equation  corresponds  to  the  definition  of  entropy 

S  =  -itlogP  +  Const.  (2; 

where  k  is  Boltzman’s  constant  and  P  is  probability  of  general  definition.  On  the  basis 
of  the  results  accumulated  by  many  researchers,  the  close  correlation  betw'een  entropy 
and  information  transmitted  in  biological  systems  can  be  understood  by  two  theorems: 

(/)  According  to  the  information  theory  and  the  Boltzman  formula  for  entropy, 
a  quantity  of  information  of  the  molecular  system  in  a  physical  unit  represents  an 
entropy  reduction  in  the  system  caused  by  the  receiving  of  the  information 

(2)  According  to  the  second  law  of  thermodynamics,  entropy  production  in  the 
process  of  receiving  information  always  exceeds  the  entropy  reduction  mentioned 
above. 

Thus  we  can  say  at  present  that  information  and  entropy  belong  to  the  same 
category.  Now  we  have  established  the  theoretical  base  to  use  entrop)’  instead  of 
information.  In  the  following  section  we  will  discuss  entropy  flow  inside  the  cell 


Entropy  Flow  in  the  Cell 

Firstly,  we  would  like  to  point  out  that  the  cell  has  a  metabolic  system  for  entropy. 
Therefore,  emitted  entropy  (S„ut)  produced  at  the  time  of  signal  reception  always 
exceeds  entropy  absorbed  inside  of  the  cell  (S„„).  Therefore,  the  thermodynamical 
state  of  the  receptor  at  the  time  of  signal  reception  might  be  “negative  entropy." 
Secondly,  we  would  like  to  indicate  that  entropy  is  transmitted  unidirectionally.  In 
this  case,  the  signal  is  propagated  from  one  molecule  to  another  one  by  conformational 
change  of  the  molecule,  just  like  a  wave.  Attention  should  be  paid  to  the  fact  that 
entropy  is  not  carried  by  moving  molecules,  but  by  the  change  of  molecular  state 
(Fig.  2). 


METHOD  OF  SIGNAL  TRANSMISSION  BY  ENTROPY  CHANGE 

As  mentioned  above,  the  received  signal  was  transmitted  from  receptor  to  ion 
channel  by  the  conformational  change  of  signal  molecules,  as  if  it  were  a  wave.  Three 
different  methods  are  remarkable  for  such  entropy-type  signal  transmission:  conforma¬ 
tional,  membranous,  and  concentration  methods. 


I 

Stimulation 

FIGURE  2.  Signal  flow  from  molciulc  A  to  molecule  1)  One.  tuo.  three,  and  tour  -hou  ilili'erent 
entropy  states  ot'  the  molecule,  respectively  Stimtilated  sign.il  is  propagatial  Irom  .\-*l) 

Signal  Transmission  by  Conformational  Change  in  Protein  .Moleeulcs 

.\s  is  well  known  in  thermodvnamics,  inieroscopie  expression  ol  entropv  is  given 
as 

S  =  Kin  /,.  (5) 

where  K  is  Bolt/mann  eonstant  and  /.  is  the  number  ot  mieroseopie  molecular  states 
It  we  consider  a  single  protein  molecule  and  compare  solid  and  iK|uid  states,  we  can 
show  that  entropy  ot  protein  in  a  solid  state  is  greater  than  that  in  a  liquid  state 

AS  =  S.„ . 

=  Rln(/,i„/Z„,,)>0,  (4) 

where  R  is  gas  constant.  When  the  protein  molecule  is  dissolved  and  amiim  acid 
residues  are  moving  treelv  in  the  solution,  and  it  We  assume  each  amino  acid  has 
ditFerent  configurations,  the  vtilue  of  entropv  of  an  amino  acid  is  c.ilculated  as  S  = 
Pln36  =  7.2  e.u.  (e.u.  =  cal/mol •  vleg).  .Actuallv  in  the  native  state,  the  ammo  acid 
may  have  only  two  different  states,  as  and  trivis,  here  the  viilue  of  entropv  might  he 
S  =  Pln2  =  1.38  e.u  In  the  ca.se  ot  phosphorylation  and  dephosphorv lation,  we 
have  considered  tvc'o  amino  acid  residues,  serine  and  threonine  I  heii  we  get  .S  = 
Rln4  =  2  7,?  e.u.  Thus,  protein  can  transmit  entropv  hv  conformational  change 
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The  Entropy  Transmission  by  Change  in  Membrane  Structure 

When  phospholipase  Cl  hydrolyzes  the  acidic  phospholipid  molecule  PIP,,  in  the 
inner  leaflet  of  the  membrane,  negative  charges  a.ssociated  with  phosphate  group  are 
removed  from  membrane  surface  in  the  form  of  IPj  and  dra,stic  disturbance  of  mem¬ 
brane  potential  will  occur.  This  disturbance  w'ill  be  propagated  on  the  membrane  as 
if  it  were  a  spin  wave  in  magnetic  materials  T  his  spin  wave-like  information  wave 
packet  may  always  have  large  decaying  time  constant,  so  that  the  disturbance  can  not 
propagate  for  a  long  distance. 


The  Entropy  Transmission  by  Concentration  Change 

The  second  messenger  svstem  can  aJ.so  be  c.xpressed  using  entropv  theorv.  W  hen 
cAMP  is  used  as  a  second  messenger  in  a  cell  system,  the  concentration  change  might 
be  twofold.  The  entropy  change  must  be  S  =  -  G/T  =  -(-Krin2)/T  =  Rln2  = 
1.38  e.u..  where  G  Ls  free  energy  given  as 

G  =  RTIn  [concentration  of  second  messenger  before  stimulation/ 

concentration  of  second  messenger  after  stimulation],  (5) 

If  Ca  is  used  as  a  second  messenger,  the  concentration  change  of  Ga  hv  the  stimulation 
must  be  generally  around  tenfold.  Then  the  entropv  change  will  be  S  =  RlnlO  = 
4.35  e.u.  Therefore,  it  is  concluded  that  Ga  is  a  more  efficient  second  messenger  than 
cvciic  nucleotide. 


ONE-WAY  DIRECTIONAL  INFORMATION  TRANSMISSION 
FROM  RECEPTOR  TO  CHANNEL 

If  a  molecule  is  involved  in  information  transmission,  the  molecule  will  change  its 
thermodynamical  state  (Fig.  3).  T  his  is  referred  to  as  an  entropv  cvcie.  In  this  figure, 
the  entropy  change  in  proccss®will  be  written  as 

A  S,  =  S.-Si  =  S(x.-./.,)  -  S  (Xi,/.i).  (6) 

when  variable  x  or  z  changed,  the  entropy  change  bv  this  process  is  expressed  as 

AS  s  +  A  S, 

AS  +  A  S4 

T  he  order  of  each  entropy  is  A  S^  ^  AS  VVhen  A  g  0,  the  entropv  is  transmittcii 
freely  in  one  direction. 

If  we  accept  the  idea  that  a  signal  is  propagated  in  the  living  cell  in  the  form  of 
entropy,  heat  production  or  temperature  change  must  he  a,ssociated  with  the  transniem- 
brane  signaling  process,  because  signal  reception  may  cause  an  entropv  change  in  the 
receptor  system.  Simultaneous  changes  in  mechanical  structure  of  signiiling  molecules 


X I  X: 

FIGURE  3 .  Cvclic  change  ol  entropy  ot  signal-transducing  molecule  S.  entropy  ol  the  molecular 
system.  O.  inlet  or  outlet  of  entropy,  x  and  /  yariable  descnliing  molecular  state 

and  in  concentration  of  the  second  messenger  and  membranous  physical  was  c  genera¬ 
tion  will  be  discussed  in  the  following  sections,  independently 

Hear  Production  in  Squid  Retina  in  Response  to  Light 

In  1985,  l  asaki  and  Nakaye  reported  that  exposure  to  a  brief  light  pulse  ceoked 
a  rapid  increa.se  in  the  temperature  of  the  dark-adapted  squid  retina  The  amount  ot 
heat  generation  was  far  greater  than  that  associated  with  the  stimulating  pulse  itself' 
Using  a  pyroelectric  heat  detector  made  w'ith  polyvinvlidenc  fluoride  (P\  DF)  film, 
they  observed  the  thermal  response  of  a  slice  of  the  dark-adapted  squid  retina  With 
a  brief  pulse  of  light,  a  fairly  rapid  increa.se  in  temperature  wa.s  obsersed  approximatels 
20  msec  after  the  onset  of  light  pulse  at  20°^  Fhe  rate  of  temperature  increase 
reached  maximum  value  about  90  msec  after  the  onset.  These  thermal  responses, 
however,  disappeared  when  glucose  was  removed  from  the  incubation  medium  or 
when  an  oxygen-utilization  inhibitor,  azide  or  cyanide,  was  added  to  it  These  results 
suggest  that  A'TP  and/or  phosphorylation  is  essential  for  heat  production  The  rea,son 
for  the  A  TP  requirement  in  the  phototransduction  process  will  be  understood  later 
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by  the  consideration  of  the  imponance  of  the  PI  cycle  in  the  retina  When  PI  turnover 
is  blocked  by  the  addition  ot  any  kind  of  inhibitor,  octopus  retina  could  not  generate 
receptor  potential. 


Involvement  of  Phospholipase  C  for  the  Drosophila  Photoresponse 

Involvement  ot  phospholipase  C  (PLC)  in  the  Drosophila  photore.spon.se  was  estab¬ 
lished  in  our  laboratorv'  using  a  visual  mutant,  norpA  ' The  PLC  was  localized  in 
Drosophila  retina  and  hydrolyzed  PIP;  as  well  as  PI.  The  enzyme  was  associated  with 
the  plasma  membrane  and  it  was  sensitive  to  pH  and  Ca.  A  degree  of  defect  in  PLC 
activity  was  found  to  be  in  parallel  with  the  size  of  eleerroretinogram  (ERG),  which 
corresponds  to  receptor  potential,  especially  in  fly  This  parallelism  was  confirmed 
using  a  temperature-sensitive  allele  of  norpA  mutant,  /C050. '  KOSO  showed  normal 
photosensitivity  when  kept  at  I8°C,  but  the  sensitivity  was  lost  at  28°C  or  more. 
If  the  involvement  of  PLC  in  phototransduction  is  correct,  PLC  activities  in  /C050  alleles 
kept  at  different  temperature  must  show  different  enzyme  activities.  This  prediction  was 
completely  verified. 

Initially  our  findings  were  thought  to  support  the  idea  that  IP,-  might  be  a  second 
messenger  in  the  invertebrate  photoreceptor.  Actually  Szuts  et  al.  measured  IP;  forma¬ 
tion  on  a  rapid  time  scale  in  squid  retina."  Before  the  findings  on  the  concentration 
change  in  IPi  by  light  flashes,  Fein  et  al.  reponed  that  IP.  injected  into  Limulus 
ventral  eye  photoreceptor  cell,  R-lobe,  showed  the  production  of  a  discrete  wave  of 
depolarization  and  a  burst  of  waves,  which  have  a  similar  waveform  to  the  quantum 
bumps  that  are  evoked  by  a  single  photon.  These  findings  suggested  that  excitation 
and  adaptation  by  injected  IP:  are  mediated  by  a  rise  in  intracellular  Ca  ^  However, 
the  idea  that  IP, -induced  intracellular  Ca  release  causes  visual  excitation  is  problematic. 
The  dilemma  is  that  whereas  EGTA  blocks  excitation  bv  IPi,  it  does  not  block  the 
light  response.  Therefore,  another  as-yet-unidentified  transmission  system  should  be 
considered  in  the  molecular  mechanism  of  the  imertebrate  photoreceptor. 


PIPj  Breakdown  May  Cause  Photoresponse  in  Hermissenda  Photoreceptor  B  Cell 

Considering  the  above  description,  the  following  two  contradictory  results  ma\  be 
true  for  phototransduction  mechanism  in  invertebrate  photoreceptors  (!)  PlP;-specific 
PLC  is  necessary  for  the  production  of  photoreceptor  potential  (2)  IP,,  the  hydrolyzed 
productof  PIP;,  is  not  neccs.sarv  for  the  generation  of  photoreceptor  potential. 

d  o  construct  a  reasonable  model  that  can  explain  the  above  description,  we  would 
like  to  demonstrate  a  novel  idea:  destruction  of  ionic  equilibrium  across  membrane 
or  the  abrupt  change  in  membrane  potential.  In  general,  phospholipid  composition 
of  the  inner  leaflet  of  the  membrane  is  a  mixture  of  PL  PS.  PE.  and  PIP;.  Although 
the  content  of  PIP,  in  the  membrane  is  very  low  (less  than  1%),  the  eflect  of  IP, 
release  from  the  membrane  should  be  quite  large,  because  IP,  has  five  negative  charges 
in  neutral  pH.  If  we  neutralize  these  negative  charges  with  positively  charged  material, 
nothing  will  happen  by  photostimulation,  I'o  confirm  this  idea  we  in|ccted  neomycin, 
which  belongs  to  the  aminoglycoside  complex,  and  spermine,  belonging  to  polyamine. 
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FIGURE  4.  T  he  proposed  mechanism  of  photoreception  In  int  enehr.ite  photoreceptor  HA.  ph<n- 
phatldic  acid;  HI,  phosphatidvlinositol;  HIP,  phosphatidvlinositol  4-nionophosphatc.  PIH  phmphati- 
dyllnositol  4..r'hisphosphate.  IXi,  diacviplycerol;  IP,,  inositol  1 .4,  r-trisphosph.ite.  Atp.  ch.irgc  in 
memhrane  potential  Circled  number  represents  v.ilencc  ot  phospholipid 


into  Hermissenda  photoreceptor  B  eel!.'’ For  eompanson,  isohutvlnietlnlxanthine 
(IBMX),  which  is  known  to  suppress  PI  cycle, and  manoalide,  n  hich  is  an  inhihitor 
to  PLC  activity,  were  also  examined.  When  IBMX  and  neomvcin  was  iniected  indepen¬ 
dently,  photoresponsc  was  tilmost  suppressed  and  recovered  ijradutillv  The  spermine- 
injected  receptor  showed  partial  suppression  in  pht)torespt>nse.  When  we  examined 
manoalide,  results  were  found  to  he  inconsistent :  occasiontill  v  the  response  w  .is  reduced, 
largely,  hut  sometimes  the  responses  were  increased,  converselv  To  explain  these 
physiological  data,  weexamined  theeirect  ol  matioalideon  Pl.CI  actii  itv  h iochemic.il I \ 
It  was  found  that  the  effect  of  manoalide  and  its  concentration  had  an  in\  erse  rel.ition- 
ship.  I'he  order  of  the  effectiveness  of  the  inhihitor  was  found  to  he  neomvcin  > 
spermine  >  IBMX  >  manoalide.  Fhese  results  suggest  that  memhrane  potential  should 
he  changed  totally  hy  the  release  of  a  negative  charge  from  the  inner  surf.ice  ot  the 
memhrane.  The  voltage-sensitive  ion  channel  can  thus  he  opened  h\-  the  reduction 
ot  memhrane  potential.  The  diagram  of  the  mechanism  is  shown  in  Fit.t  ri  4 
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CONCLUSION 

By  introducing  the  physical  concept  of  entropy,  we  proposed  a  novel  model  of 
phototransduction  for  invertebrate  photoreception  and  demonstrated  it  experimen¬ 
tally.  What  is  the  advantage  of  the  introduction  of  entropy?  Firstly,  we  can  point  out 
that  entropy  can  be  propagated  unidirectionally.  Secondly,  entropy  is  transmitted  three 
different  ways:  conformational  change  of  protein  molecules,  structural  disturbance  in 
membrane  (phospholipid)  molecules,  and  concentration  change  in  second  messengers. 
The  conformational  change  in  protein  molecules  is  the  fastest,  while  the  second  mes¬ 
senger  system  is  the  slowest  (diffusion  constant  of  second  messenger  is  estimated  as 
D  =  7  X  10  '’  cmVsec).  We  can  select  the  most  plausible  model  among  these  three 
models  based  on  the  response  time. 

The  greatest  advantage  of  the  introduction  of  entropy  is  that  we  could  establish 
the  physiological  significance  of  the  measurement  of  heat  production  associated  with 
the  signal  reception.  According  to  the  law  of  entropy,  heat  generation  coupled  with 
signal  reception  can  be  predicted  theoretically.  However,  no  one  succeeded,  e.xcept 
Tasaki  and  Nakaye,  because  of  the  poor  time  resolution  and  sensitivity  of  thermodetec¬ 
tors.  Now  we  are  ready  to  introduce  the  entropy  concept  for  photoreception  as  well 
as  signal  reception  in  general. 

It  is  likely  that  signal  transduction  thermodynamics  will  he  a  major  step  after 
molecular  cloning  of  signaling  molecules. 
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A  Sodium  Channel  Model 


CHIKARA  SATO  AND  GEN  MATSUMOTO 
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Tsukuba,  Ibarakt  }05.  Japan 


The  complete  amino  acid  sequence  of  an  invertebrate  sodium  channel  was  pre¬ 
viously  determined  by  cloning  and  sequence  analysis  of  the  complementary  DNA  of 
the  squid  Loligo  bleekeri.'  This,  together  with  other  findings  obtained  for  vertebrate 
sodium  channels,  has  made  it  possible  for  us  to  elucidate  the  structural  organization 
of  the  sodium  channel  with  respect  to  its  functions  of  voltage  sensing,  activation,  ion 
selectivity,  and  inactivation.’  This  could  be  carried  out  partly  because  the  sodium 
channel  was  well  studied  in  the  electric  organ  of  the  cel  Electrophorus  electricus  and  the 
rat  brain  (see  papers  in  this  book  by  Catterall,  Noda  and  Imoto  for  review),  but  also 
because  the  squid  sodium  channel,  as  compared  with  vertebrate  sodium  channels, 
retains  a  rather  short  sequence  length  of  1  ,.^2  2  residues,  corresponding  to  approximately 
three-fourths  of  the  sequence  length  for  rat  sodium  channels.  In  spite  of  their  simplicity, 
amino  acid  sequences  for  the  squid  sodium  channel  closely  resemble  those  for  venebrate 
sodium  channels,  especially  for  the  segments  of  membrane-spanning  portions  S2.  S3, 
S4.  and  of  the  linker  between  S5  and  S6  (S.?-6  region).’  Furthermore,  we  adopted 
the  assumption  that  all  transmembrane  segments  S 1  -S6  form  3  i„-helices.  not  a-helices 
In  the  3i,rhelLx  S4  segments,  the  charged  side  chains  are  clustered  largely  on  one  side 
of  the  helix.  Together  with  this  a.s,sumption.  the  charged  residue  configuration  in  SI 
to  S6  segments  for  the  respective  domains  led  us  to  the  conclusion  that  the  octagonal 
structure  illustrated  in  Figure  I  (a  and  b)  correctly  represents  a  sodium  channel  structure 
in  which  the  S5-6  regions  stably  interact  with  the  inner  surface  of  the  core  pore- 
formed  by  the  S4  and  S2  segments.  In  the  resting  membrane  state,  the  tips  of  S,*i^-6 
remain  at  the  positively  charged  sites  of  S4  nearest  the  positions  where  the  negatis  e 
charge  residues  of  S2  are  located  (Fig.  1 .  c  and  d).  In  our  sodium  channel  model,  the 
S5-6  region  serves  the  three  principal  functions  of  ion  selectivity,  voltage  sensing, 
and  activation.  The  S5-6  regions,  negatively  charged  as  a  whole,  are  capable  of  sensing 
membrane  potential,  resulting  in  voltage-sensor  function.  The  negati\  el\’  charged  sites, 
together  with  the  size  of  the  pore  formed  by  the  four  S.f-b  regions,  enable  selection 
of  ions  passing  through  the  S5-6  pore.’  When  the  membrane  is  depolarized,  S5-6 
can  slide  through  the  guiding  pore  formed  by  S4  and  S2  to  the  cytoplasmic  side  (Fie. 
2,c).  This  sliding  is  energetically  favored  by  linearly  aligned,  positiveU'  charged  sites 
of  S4s  (Fig.  1  ,f).  In  the  resting  state,  the  guiding  pore  is  kept  closed  by  tbe  C'.-terminal 
segment  from  the  cytoplasmic  side  (Fig  l.c-e;  Fig.  2, a).  When  the  tips  of  the 
regions  approach  the  cytoplasmic  side  upon  depolarization,  the  Ci-terminal  is  repelled 
by  the  electrostatic  interaction  between  the  tips  of  the  .S.t-6  pore  and  the  ('.-terminal, 
the  C-terminal  is  also  directly  repelled  by  the  depolarized  potential.  In  this  way ,  the 
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FIGURE  I.  Schematic  illustrations  of  our  sodium  channel  model  The  octagonal  topologe  of  trans- 
membrane  segments  S 1  -S6  and  the  S5-6  regions  for  the  domains  1-1 V'  is  shown  from  the  extracellular 
side  (a)  and  from  the  transmembrane  side  (b).  Note  that  the  domains  form  a  circle  in  the  octagonal 
structure  in  the  sequence  of  l“*IV-*l|-*III  instead  of  that  of  |-'I1“'III“*1\'  proposed  bv  Noda  et 
at.  in  1984  (Nature  512:  121-127).  Resting  configurations  of  the  S. 5-6  regions  and  C-and  N-tcrminals 
are  also  illustrated  as  cross  sections  along  line  a  (c)  and  line  P  (d),  where  segments  (I  and  11)  and 
(III  and  IV)  are  viewed,  respectively  Resting  configurations  of  the  II-lII  and  III-IX’  linkers,  and  N- 
and  C-terminal  regions  are  shown  from  the  cytoplasmic  side  (e)  Positive  and  negatis  e  charges  of  the 
S4  and  S2  segments,  respectively,  are  exposed  on  the  inner  surface  of  the  guiding  pore  (see  text)  as 
shown  in  (0 
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FIGURE  2.  Schematic  illustrations  of  the  proposed  tertiary  structure  model  ot  the  sodium  channel 
corresponding  to  the  resting  (a),  activated  (c).  and  inactivated  (d)  states  The  upper  and  Itm'er  pictures 
in  (a),  (c)  and  (d).  represent  the  transmembrane  and  intracellular  side  views  of  the  channel,  respect  ivelv 
The  illustrations  (b)  and  <e)  represent  transitional  configurations  betsscen  (a)  and  (c)  and  between 
(d)  and  (a),  respectively 

sodium  channel  is  activated  (Fig.  2,c).  T  he  III-IX'  linker,  which  has  heen  understood 
to  play  a  crucial  role  in  inactivation  (see  Cattcrall  in  this  volume  for  review),  covers 
the  C-terminal  from  the  cytoplasmic  side  in  the  resting  state  (Fig.  1  ,e  and  d;  Fig.  2. a). 
Synchronously  with  the  activation,  the  III-IV  linker  moves  away  from  the  channel 
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pore  (the  S5-6  pore)  together  with  the  C-terminal  (Fig.  2,c).  However,  the  IU-I\' 
linker  in  this  configuration  (Fig.  2  ,c)  is  unstable,  both  electrically  (since  negative  charges 
ot  the  S5-6  tips  are  exposed  on  the  cytoplasmic  side,  the  tips  attract  the  Ill-lV'  linker) 
as  well  as  elastically,  and  the  linker  eventually  reverts  to  its  original  configuration  (Fig. 
2,d).  Thus,  the  sodium  channel  is  inactivated. 

The  present  model  was  developed  mainly  by  dctcrmin'"g  the  configuration  with 
the  least  electrostatic  energy,  when  we  assume  that  all  transmembrane  segments  form 
3  urhelices.  This  model  of  ion  selectivity,  voltage  sensing,  and  activation  is  consistent 
with  other  experiments  employing  site-directed  mutagenesis,  as  reviewed  by  N'oda 
and  Imoto  in  this  volume. 


REFERENCES 

1  Saio,  C.  &  G,  MATSi'.vioro  1992  Blochcm  Biophvs  Res.  C^ommun  186:  61 
2.  Sato,  C,.  &  G.  Maislcmoio.  1992.  Biochcm.  Biophvs.  Res.  C.onimun  186:  1  l.t8 


Identification  of  a  Thr-to-Met 
Mutation  in  the  Skeletal  Muscle 
Sodium  Channel  Gene  in 
Hyperkalemic  Periodic  Paralysis 
of  a  Japanese  Family 

KIICHI  ARAHATA/'  JIANZHOU  WANG/ 

W.  GREGORY  FEERO/  HIROSHI  HAYAKAWA,' 
KOICHI  HONDA/  HIDEO  SL'GH  A/ 

AND  ERIC  P  HOFFMAN^ 

■'  ^National  Institute  of  Neuroscience 
NCNP 
Tokyo.  Japan 

^University  of  Pittsburgh 
Pittsburgh.  Pennsylvania 

'Hitachi  General  Hospital 
Ibaragi.  Japan 


'Yamagata-Ken  Chuo  Hospital 
Yamagata.  Japan 


INTRODUCTION 

Familial  hyperkalemic  periodic  paralysis  (HyperPP)  is  a  dominant  genetic  disease 
characterized  by  transient  attacks  of  muscular  paralysis.  Attacks  can  he  precipitated 
by  rest  after  exercise  or  potassium  intake.  Serum  potassium  level  mav  elevate  during 
the  attacks.  A  candidate  gene  approach  has  been  used  to  define  the  molecular  basis 
for  the  human  inherited  condition.  1  he  disease  has  been  found  to  be  caused  bv  point 
mutations  in  the  adult  muscle  sodium  channel  gene  on  chromosome  17q  It  is  the 
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first  genetic  disease  attributable  to  mutations  of  voltage-sensitive  ion  channels  '  ’  VVe 
examined  two  Japanese  HyperPP  families  using  a  novel  application  of  the  ligase  chain 
reaction  (LCR)  to  detect  the  previously  identified  point  mutations  (Thr-iw  to  Met  and 
Metiw:  to  Val)  in  Caucasian  HyperPP  patients. 


CLINICAL  CASES 

Patient  I 

A  1 9-year-old  female  (Fig.  1 ,  A)  had  the  first  episode  of  paralytic  weakness  at  5  years 
t '  age,  characterized  by  generalized  muscle  weakness  involving  facial  and  pharyngeal 
’  iUscles.  Myotonia  was  not  noted.  Attacks  were  provoked  at  rest  or  sleep  after  exercises. 
Excessive  sweating  occurred  prior  to  the  episodes  and  serum  potassium  was  elevated 
(Table  1).  Acetazolamide  treatment  reduced  the  severity  and  frequency  of  the  attack. 
The  symptoms  get  worse  before  menstruation.  Muscle  biopsy  showed  mv’opathic 
changes  with  tubular  a^egates.  Her  father  was  similarly  affected  since  1 2  years  of 
age.  He  still  feels  slowness  of  movement  after  prolonged  sitting  on  the  floor.  The 
patients  had  no  thyroid  dysfunction. 


Patient  2 

A  30-year-old  man  (Fig.  1,  B).  He  noticed  first  paralytic  attack  at  16  years  of  age. 
characterized  as  generalized  muscle  weakness  and  dysesthesia  in  hands  and  feet.  Serum 
potassium  level  was  elevated  during  the  attack  (Table  1).  He  had  grip  myotonia  and 
myotonic  repetitive  discharges.  An  attack  is  provoked  by  exposure  to  cold,  rest  after 
exercise,  fasting,  and  oral  administration  of  5  g  KCl.  He  was  clinicalK'  normal  between 

(A)  Fajnily  of  Patient  1. 


FIGURE  1.  Pedigree  of  I'anillies 
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attacks.  Acctazolamidc  treatment  abolished  the  attack  I  hvroid  function  u  as  normal 
Six  other  family  members  were  similarly  affected  (Fig.  1.  B). 

DNA  ISOLATION  AND  LCR  ANALYSIS 

DNA  was  isolated  trom  whole  blood.  PCR  and  LCR  (ligase  chain  reaction)  primers 
flanking  the  target  regions  were  synthesized  from  the  cDNA  sequence  for  the  skeletal 
muscle  sodium  channel  alpha  subunit,  and  LCR  analysis  (20  cycles  at  y4°C  for  1 
min,  then  6^°C  for  4  min)  was  done  as  described,' 


RESULTS  AND  DISCUSSION 

Patients  in  the  first  HyperPP  family  had  the  predicted  Fhr-,,4-to-.\let  mutation 
(C-T  transition)  of  the  skeletal  muscle  sodium  channel  alpha  subunit,  but  no  mutation 
was  identified  in  the  second  Japanese  family.  Although  both  Japanese  families  had 
characteristic  clinical  features  that  can  he  observed  in  "adynamia  episodica  hereditadia" 
or  primary  HyperPP,  Patient  2  in  the  second  family  had  atypical  findings  vs  ith  sensory 
abnormality  during  the  attack,  and  the  attack  was  provocative  by  cold  exposure.  Thus 
both  genotype/phenotype  heterogeneity  exi.st  in  Japanese  HyperPP  families. 
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Tetrodotoxin  (TTX)  selectively  blocks  sodium  channel  in  excitable  membranes. 
The  puffer  fish  is  thought  to  have  TXX-resistant  sodium  channels,  resulting  in  tolerance 
to  the  toxin  in  spite  of  its  high  accumulation  in  the  tissues.'  To  clarify  the  exact  nature 
of  the  sodium  channel  of  puffer  fish,  we  cloned  the  channel  cDN'A  from  Fugu  rubnpes 
rubripes  (Tora  Fugu  in  Japanese). 

cDNA  library  was  constructed  in  XgtlO  vector  using  poly(A)'  RN.\  isolated  from 
the  fish  brain.  Twelve  partial  cDNA  clones  were  isolated,  which  were  classified  into 
three  types  (pfBNa  1,  pfBNa2,  and  pfBNaJ)  after  compilation  of  the  sequences,  ptBNa’ 
directed  the  C-terminal  1717  residues  of  the  channel  peptide,  while  ptBNal  encoded 
the  530-residue  sequence  corresponding  to  the  N-terminaJ  ponion  of  the  peptide. 
Overlapping  sequences  of  these  two  peptides  differed  from  each  other  in  the  connecting 
loop  between  putative  membrane-spanning  segments  5  and  6  of  the  repeat  1  among 
four  homologous  repeats  in  the  channel  peptide'  (Fig  I)  ptBNa2  lacked  a  l+-resldue 


FIGURE  I.  C  .'omparison  of  amino  acid  sequences  for  the  regions  between  putatn  e  nicnihr.ine 
spanning  segments  5  and  6  of  four  internal  rejn-ats  in  various  sodium  channels  |11,  repeat  1.  1H| 
repeat  II.  |in|,  repeat  III.  (IV|  repeat  IV'  piBNal.  puffer  fob  brain  channel  I.  ptBNa7,  puller  fish 
brain  channel  II,  hllNal,  human  heart  riX-insensitive  channel',  r.\5N'a2,  r.it  hean  and  skelet.il 
muscle  TTX-insensitive channel’;  r.MNal,  rat  skeletal  muscle T1.X -sensitive channel'.  rBNal .  rat  brain 
rrX-sensitive  channel  I”;  rBNa2.  rat  brain  Tl  X-sensitive  channel  H",  rBNa.t ,  r.u  brain  ri  X-sensitis  e 

channel  III  -Sets  of  identical  residues  arc  enclosed  with  solid  lines  Gaps  ( - )  have  been  insencd 

to  achieve  maximal  homology  The  membrane-spanning  segments  t  and  6  in  each  re(H-,it.  1  to  I\ 
arc  indicated  below'  the  alignments  .Short  segmental  domains,  .SSI  and  .SS2,  in  e.ich  connecting  loop 
betsveen  the  segments  t  and  6  arc  also  indicated  The  14-rcsidue  deletion  found  in  the  ri  X-inscnsins  e 
sodium  channels  is  shown  almvc  the  alignments 


^  To  whom  correspondence  should  be  addressed 
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scgtiKTit  111  the  N-tcrmrii:i!  [i.m  ot  the  eonne-Lring  loop,  whieh  o  expected  to  extend 
outward  from  the  membrane  surface.  I  he  reponed  'I”r.\-insensiti\e  sodium  channeU 
ot  rat  skclet.il  musele’  and  human  hean'  ,ilso  had  deletions  in  the  same  position  I  he 
rr\-hinding  site  wa.s  predicted  Irani  the  site  directed  mutagenesis  studies'  to  he  in 
the  seven-residue  segment  in  the  SS2  domain  ot  the  connecting  loop  in  the  repeat  1 
( I  QIXAVF.R  in  the  rat  heart  ri  X-insensitive  channel  )  Hove  ever,  the  secpience  for 
the  seven  residues  of  p/BNad  ol  putfer  fish  i.s  I  QDl'W  iiN,  which  is  the  same  as  those 
ot  rrX-sensitive  rat  brain  channels.'  Therefore,  it  seems  ditficult  to  accept  that  the 
SS2  domain  is  responsible  for  the  Tl  X  resistance. 

Northern  hlot  anal\  sis  \va.s  performed  with  polvIA)'  RN.\  isolated  from  the  fish 
tissue  using  the  cloned  cDN.A  as  a  probe.  'The  results  indicated  that  the  brain  contained 
a  mixture  ot  mRNA  ss  ith  lengths  ranging  from  5'.0()()-7,()()()  nucleotides  ’The  skelet.il 
muscle,  the  heart,  and  the  intestine  contained  two  distinct  species  of  mRNA  u  iih 
about  6,000  and  1.500  nucleotides,  respcs  'ivelv,  while  the  liser  contained  onb.  one 
species  with  about  6,000  nucleotides 
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Since  the  primary  structures  of  ion  channels  including  sodium  channels,  calcium 
channels,  and  potassium  channels,  have  been  elucidated  succeeding! v,‘  it  is  intriguing 
to  identify  the  structures  relevant  to  their  integral  channel  functions  Utilization  of 
toxinsordrugs  that  act  specifically  on  the  corresponding  channels  isone  of  the  promising 
approaches  to  accomplish  it. 

We  specifically  photolabelcd  the  sodium  channel  protein  (2,^0  kD)  from  cel  elec 
troplax  using  a  bioactive  tetrodotoxin  Cn  X)  derivative  possessing  a  (diazirino)tridiio- 
roethylbenzoyl  (DTB)  group  as  a  carbene  precursor  that  reacts  more  efficientls  to 
afford  more  stable  photoproduct(s)  than  a  nitrene-generating  azidophensl  group,  as 
similarlv  shown  in  the  1 .4-dihydropyridine  (DHP)  receptor-sclectne  photo.ithmty 
probe  for  calcium  channels  '  Photoaffinitv-labcicd  regions  were  identified  b\-  probing 
labeled  proteolytic  fragments  with  several  anti-peptide  antibodies  recognizing  different 
segments  of  the  sodium  channel  ^  Dne  fourth  of  the  label  occurred  in  trvptic  fragments 
between  Lys-1478  and  I,vs-I542  derived  from  the  loop  between  segments  S'  and 
S6  in  repeat  IV  that  had  been  proposed  to  be  extr.icellular  One  fifth  of  the  labeling, 
how'cver,  was  found  in  the  trvptic  fragments  between  l.vs-12  1  ?  and  .\rg-!22n  as  well 
as  Arg-I  226  and  Arg-I  269  The  latter  fragment  apparenth  contains  the  transmembrane 
segment  S6  of  repe  >'  III  These  data  could  impiv  that  the  Tl  X  binding  site  is  formed 
bv  close  appositK  •.  two  discontinuous  reuions  of  the  sodium  channel  sei|uenci.  in 
repeat  III  and  IV.  as  the  sodium  channel  has  onlv  a  single  high  afhnits  binding  sut 
tor  rr.X  Similar  results  have  been  previouslv  observed  for  the  DHP  binding  site  ol 
skeletal  muscle  calcium  channels  bv  photo.ifhnitv  labelling'  with  the  DHP  aii.ili'u 
(Ik.  1) 

'■  I  duilr\  f >}  Ph-irm.ii  cuTu  ,d  Si  tc-iH'-v  KiiiM.iinofo  I  tiiwrMtv  KtiiH.iiHoTt'  Jap.m 
Hrvsciu  AiltlrvNs  l.ijun 
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FIGURE  1 .  A  model  for  dihydropyridinc  binding  on  the  repeal  111  and  IV  of  the  l,-t\  pe  calcium 
channel.  Note  that  the  proposed  folding  o{  the  segment  between  transmembrane  helices  and  Sh 
back  Into  the  membrane  to  form  the  lining  of  the  transmembrane  pore  '  A  similar  folding  model  can 
be  drawn  for  the  sodium  channel  by  the  photoatfinitv  labeling  results 


It  IS  worthwhile  to  point  out  that  photolabcled  fragments  with  the  FI  X  denvatise 
were  observed  in  the  regions  between  S.f  and  S6  of  repeat  III  and  l\'  but  not  in  the 
region  of  repeat  I.  VVe  propose  that  C-1 1  of  FIX,  where  the  photoreaetise  DIB 
group  is  attached,  is  favored  to  orient  the  repeat  III  and  l\'.  and  the  guanidinium 
group  of  TT'X,  which  is  apparently  directed  opposite  to  C'.-l  1 ,  orients  most  likelv  to 
the  negative  charge  cluster  of  the  repeat  1  and/or  IF  (Fit;  2).  I  his  may  be  panic 
supponed  by  the  careful  inspection  of  the  recent  results  of  site-directed  mutageneMs" 
that  mutation  of  Asp- 1426  in  the  repeat  III  had  no  significant  effects  on  the  toxin 
sensitivity,  whereas  mutation  of  I.vs-i422  to  a  negativelv  charged  residue  like  those 
located  at  the  equivalent  position  of  repeat  I  and  II,  strongiv  reduced  the  sensitivity 
I.ys- 1213  (l.ys- 1422  in  the  rat  brain  channel  IJ)  in  repeat  111,  w hich  is  well  consersed 
in  .ill  of  the  cloned  sodium  channels,  is  a  likelv  panicipant  in  the  interaction  w  ith  the 
hemiacetaJ  OH  group  for  more  likely  with  its  anionic  form,  pK,.  =  H  7,  after  binding 
with  sodium  channels) 

It  IS  .ilso  wonh  pointing  out  that  the  two  labeled  regions  in  repe.it  III  and  I\  ,  the 
connecting  loops  lietween  St  and  S6  and  the  transmembrane  segment  S6,  were  identi¬ 
fied  .IS  the  biniling  site  tor  both  ol  I'l  X  and  1)HP  Cionsidenng  th.ii  FI  X  and  DHF 
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FIGURE  2.  A  proposed  binding  nioslcl  for  the  photorcacmc  tetrodotoxin  dern  aiive  on  the  sodium 
ehannel  Lys-1422  in  repeat  III  is  proposed  to  associate  ss  ith  the  hemiacetal  O  of  tetrodotosin  and 
stahilir.e  the  binding  as  \sell  as  acidic  residues  in  repeat  I.  II.  and  l\' 

reach  their  binding  sites  from  the  extracellular  side  to  block  the  entr\  of  sodium  and 
calcium  ions  in  the  respective  channel,  the  results  strongly  suggest  that  {!)  the  loop 
between  S5  and  S6  of  the  ion  channels  folds  back  into  the  membrane  and  contributes 
to  the  formation  of  the  transmembrane  ion  pore  and  (2)  ihc  binding  sites  of  two 
ligands  must  be  located  to  the  external  mouth  of  die  ion  pore 
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INTRODUCTION 

It  is  known  that  acetylcholine  receptors  of  skeletal  muscles  undergo  remarkable 
changes  in  their  density  as  well  as  their  properties  and  distribution  in  earlv  postnat.il 
days.  However,  similar  postnatal  changes  have  not  been  well  understood  tor  other 
types  of  ion  channels.  Our  recent  studies  of  postnatal  changes  in  types  of  voltage- 
dependent  Na,  Ca,  and  inward-rectifier  K  channels  of  mouse  skeletal  muscle  tihers 
are  summarized  in  this  paper.  I  also  suggest  a  cellular  mechanism  that  controls  a  part 
of  these  changes. 


METHODS 

Muscle  fibers  were  isolated  from  M.  fle.xor  digitorum  brevis  ofO  to  U)  dav-old  (P  .Ut) 
mice  by  collagcnase  digestion  ‘  '  I  hev  were  cultured  in  mixture  of  Dulbecco-X'ogt's 
modified  Eagle  medium,  1 0%  horse  scrum,  and  5  %  newborn  calf  scrum  The  whole-cell 
patch-clamp  method  was  used  to  record  ionic  currents  trom  treshlv  isolated  and  cultured 
fibers.  Compositions  ol  extracellular  recording  solutions  (pH  7  4)  were  as  follows, 
with  millimolar  concentrations  in  parentheses  For  recording  Ba  currents  through  Ca 
channels:  Ba(OH);  (50).  tctraethvlammonium  (  rF.A)-()FI  (‘^0),  I  FiA-Cl  (10).  methane- 
sulfonate  (140),  glucose  ( 50).  and  5-(N-morpholino)propanesulfonic  acid  (MOPS,  1()) 
Na  currents  NaCl  (5).  EEA-fil  (147).  KCl  (5),  CaCl'  (15).  MgCl-  (I),  glucose  ('). 
and  MOPS  (5)  K  currents  KOH  (20),  tris(h\droxvmethvl)-aminometh,tne  (I5'l, 
Ca(OH).'  (1  5),  1  ICl  (8).  metlianesulfonate  (150),  and  .MOPS  (10)  Dencn.ition  ot 
muscle  fibers  was  performed  by  cutting  the  sciatic  nerxe  under  .inesthesia 


GONOI:  DEVELOPMENTAL  CHANGES 


RESULTS 

Ca  Channel  Currents 

Muscle  fibers  of  newborn  mice  showed  two  distinct  types  of  C.a  channel  currents, 
a  low-threshold  transient  (IcjiMnsm,,)  and  high-threshold  sustained  currents  (h  imw-i.ivj) 
The  mean  specific  amplitude  of  at  PI  was  -2.7  A/Farad  (F;  membrane 

capacitance)  at  -  50  mV  test  pulses.  decreased  progressively  in  the  postnatal 

days  and  became  undetectable  by  PI 7  (Fig.  1).  In  contrast,  the  specific  amplitude  of 
ha.suMium.i  M  -t- 20  mV  test  pulses  increased  fourfold  from  -b.V  .\/F  at  Pi  to  -27  7 
A/F  at  P30.  Denerv'ating  muscle  fibers  at  P8  or  Pi  7  did  not  interfere  the  disappearing 
process  of  U a The  increase  of  was  suppressed  bv  the  denervation. 


Na  Currents 

In  muscle  fibers  of  newborn  mice  geographutoxin  II  (GTX  II)  distinguished  two 
different  types  of  voltage-sensitive  Na  channels.  GTX  Il-sensitive  and  -resistant  chan¬ 
nels,  which  corresponded  to  tetrodotoxin  (ITX)-sensitive  and  -resistant  channels,  re¬ 
spectively.'* '  The  mean  specific  Na  conductance  (gs,,)  for  the  total  (G 1  11-sensitive 
plus  resistant)  Na  channels  was  0.22  mS/pF  at  5  mM  |Na|,,  at  PO  The  total  g^,, 


FIGURE  1.  <  hanges  m  types  dI  v<ihagi-i.le|Kiulent  n>n  channel  clensiues  in  iiKUise  slcelet.il  nuisile 
fillers  during  jKistn.ital  development  Ner\e  lihers  are  scheni.iiicaili  dr.issn  to  indn.ite  the  processes 
that  recjuire  innervation  for  the  ch.mges 
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increased  sixfold  during  the  first  20  postnatal  days.  The  specific  gsj  tor  the  G  I  X 
Il-resistant  channels  was  0. 1  5  mS/pF  at  PO,  decreased  progressively  to  become  unde¬ 
tectable  by  Pi 6. 

In  muscle  fibers  denervated  at  P4  or  PI 2,  the  GTX  ITrcsi.stant  gv^  increased  in 
the  following  days.  The  increase  of  the  total  gsj  was  accelerated  over  the  level  of 
normal  fibers  in  P4-denervated  fibers,  but  it  was  suppressed  in  PI 2-denervated  fibers. 


Inward  Rectifier  K  Currents 

Inward  rectifier  K  currents  were  hardly  discernible  in  fibers  acutely  isolated  from 
Pi  mice.  The  steady-state  component  (I,,)  and  the  slowly  activated  component  (I,,,,) 
of  inwared  rectifier  currents  became  apparent  between  P8  and  PI 6.  The  specific 
amplitudes  of  I,.,  and  I„,„.  at  a  test-pulse  of  -  100  mV  increased  to  their  respective 
plateau  values  of  -68  and  -  15  pA/cm’  at  P20 

In  fibers  denervated  at  P4  the  developmental  increase  of  the  specific  1,  ,  was  sup¬ 
pressed  to  one  tenth  of  that  in  normal  fibers,  and  1„„  did  not  appear  throughout  the 
development.  In  muscle  fibers  denervated  at  P16  or  P20.  the  specific  amplitudes  of 
1,.,  and  I„sc  decreased,  reaching  the  levels  of  P4-denervated  fibers  in  2  to  4  davs  after 
denervation. 

In  fibers  isolated  from  Pi  mice  and  cultured  in  control  culture  medium,  I...  and 
Iri5(.  were  hardly  observable.''  Within  one  day  after  addition  of  Ca’ '  agonist,  A2  3 1 87 . 
ionomycin,  or  ryanodine  to  a  culture  medium,  significant  increases  of  1,,  ( -  106  pA/ 
cm’  at  -  100  mV  fur  the  case  of  A23 187)  and  I„„  were  observed  The  inward  rectifier 
current  decreased  to  the  level  of  control  cultures  within  I  I  h  after  a  removal  of 
A23187. 


DISCUSSION  AND  CONCLUSIONS 

In  normal  in  situ  development  of  mouse  muscle  fibers  the  channels  of  L .,  and 
the  toxin-resistant  Na  channels  disappear,  and  inward  rectifier  K  channels  appear  in 
the  first  few  weeks  after  birth  (Fic.  1).  I'he  channels  of  K  .,,u.uim,i  and  the  total  Na 
channels  increase  during  this  period.  The  muscle  fibers  have  to  be  innervated  for  the 
toxin-resistant  Na  channels  to  disappear  and  for  the  inward  rectifier  K  channels  to 
appear.  Innervation  is  also  required  in  mature  fibers  to  keep  these  channel  densities 
at  their  respective  adult  levels.  In  contrast,  the  channels  of  I, disappear  indepen¬ 
dent  of  innervation  and  do  not  re-appear  even  after  denervation  1  conclude  that  the 
mechanisms  regulating  densities  ot  the  voltage-dcpendem  ion  channels  were  heteroge¬ 
neous  among  the  different  types  erf  channels. 

I  propose  the  following  hypothesis  on  the  regulatory  mechanisms  and  phvsiologic.il 
roles  of  muscle  inward  rectifiers.  The  fibers  with  high  muscular  activity  may  base  a 
relatively  high  ^ytosolic  (Ca'  |,  and  more  inward  rectifiers  may  be  induced  in  these 
fibers.  The  induced  rectifiers  help  the  re-uptake  of  K '  ions,  which  ha\e  been  extruded 
through  repetitive  membrane  firing.  Also,  the  induced  rectifiers  hyperpolari/.e  the 
muscle  membrane  and  reduce  the  probability  of  Ga''  release  Irom  the  sarcoplasmic 
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reticulum  and  Ca^*  entry  through  voltage-gated  Ca  channels,  thereby  lowering  cvto- 
solic  [Ca’*]  of  the  active  fibers  to  a  preferable  level. 
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Chronic  dcpoiarization  with  elevated  K'  has  prosed  to  suppon  neuronal  surs  iwil 
in  a  variety  of  cell  types  in  vttro  including  sympathetic  neurons.  ‘  The  Ca"'  channel 
antagonists  such  as  nimodipme  and  nifedipine  effectively  block  the  survic  ;iJ-pronioting 
effect  of  elevated  K'(>J5  mM),  while  the  Ca’"  channel  agonists  including  Bay  K 
8644  and  ( +  )-(S)  202  791  do  not  bv  themselves  promote  survival,  but  strongly  augment 
the  effect  of  high  K ' ,  indicating  that  the  activation  of  voltage-dependent  1  -type  Ca  ' 
channels  have  a  crucial  role  in  this  phenomenon.’"*  Recently,  measurements  ot  intracel¬ 
lular  free  Ca’’  levels  ([Ca’  |,)  of  neurons  loaded  with  fura-2  have  revealed  a  good 
correlation  between  cell  survival  and  |Ca’  l,  of  sympathetic  or  other  neurons  chroni¬ 
cally  exposed  to  various  concentrations  of  extracellular  K  ■  ' "  It  has  also  been  show  n  that 
elevated  levels  of  (Ca’ '  |,  are  associated  with  accjuisition  ot  trtiphic  lactor-independent 
survival  of  sympathetic  and  sensory  neurons.'  '*  Since  depolarization-mediated  neu¬ 
ronal  survival  is  dependent  on  Ca’ '  influx  through  I.-t\  pe  Ca  '  channels,  the  tunction,il 
state  of  this  L-type  Ca’ '  channels  may  be  critical  for  neuronal  surv  i\ ail  under  depolariz¬ 
ing  conditions.  I  his  study  examines  the  responses  of  cultured  sympathetic  neurons 
to  membrane  depolarization  as  a  function  of  treatment  with  NCF 

Dissociated  sympathetic  neurons  were  prepared  from  superior  cerv  ical  ganglia  ot 
VVistar  rats  (Pi)  as  described  prcviouslv  ’ ' I  he  anti-mitotic  drug,  tUiorodeoxviindine 
(20  (xM)  was  added  together  with  20  (iM  uridine  to  the  feeding  medium  tor  ^  days 
to  kill  non-neuronal  cells.  I  he  neurons  were  fixed  with  49!  [laralorm.ildehvde  in 
Ca‘‘-,  Mg^’  -free  phosphate-buffered  saline,  pH  7  2,  and  stained  with  anti-.\\.\F  2 

■'  t  his  work  was  partly  supporieil  liv  ( iranis-in-aut  Ircini  the  .Winistrv  ot  I- ikii,itioii  (  iiluirc  and 
.Scientc  amt  a  (iraiu  from  the  Minisirv  ot  I  lealtli 
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antibody.  Sympathetic  neurons  were  loaded  with  4  pM  fura-2  tor  I  h  and  details  of 
fluorescence  imaging  of  tura-2  loaded  neurons  were  dc.scribed.'  " 

Superior  cervical  ganglion  cells  dissociated  from  newborn  rats  and  grown  in  the 
presence  of  NGF  for  6  to  7  days  were  well  hypertrophied  with  extensive  neurites 
Employing  these  cultured  neurons,  we  reported  ’  '''that  membrane  depolarization  with 
elevated  K '  supported  the  .survival  of  these  neurons  independent  of  NGF.  However,  as 
shown  in  Figure  1,  elevated  K'  (40  mM)  did  not  support  the  survival  of  sympathetic 
neurons  grown  for  8  h  (designated  as  Day  0  in  Fig.  1)  or  one  day  in  the  presence 
of  NGF.  At  Day  3 ,  these  neurons  became  partially  responsive  to  membrane  depolariza¬ 
tion  by  elevated  K*  (40  mM)  (Fig.  I).  As  shown  previously,  svmpathetic  neurons 
treated  with  NGF  for  5  to  7  days  survived  fully  under  depolarizing  conditions  In 
order  to  have  a  correlation  between  responsiveness  to  high  K '  and  intracellular  calcium 
levels,  we  measured  the  time  course  of  |Ca’'  |,  changes  of  the  neurons  in  response  to 
high  K' .  When  sympathetic  neurons,  grown  for  7  days  in  the  presence  of  NGF,  were 
loaded  with  fura-2,  its  fluorescence  intensitv  was  homogeneouslv  distributed:  no  clear 
distinction  between  cytoplasmic  and  nuclear  levels  of  free  Ca’ '  was  observed  in  80- 
90%  of  these  neurons.  Exposure  to  a  high  K’  medium  (40  mM)  induced  a  rapid 
increase  in  (Ca’'|,  follow'ed  by  sustained  levels  of  (Ga’  j,  (Fig  2,  right)  that  could  be 
maintained  for  up  to  2  days;  for  example,  tbe  sustained  level  of  |Ca' '  |,  of  the  neurons 


40K",  +NGF  ■  40K",  -NGF 


Day  0  Day  3  Day  7 


FIGURE  1.  Enhancement  by  N( ;F  of  high  K  ■  (40  m.M)-nieiiiatcd  neuronal  surMv,i]  SCXi  ('.uperior 
cers'ical  ganglion)  neurons  were  dissociateil  from  newborn  rats  and  grow  n  for  K  h  (designated  ,ls  Dav 
0),  3  days  (Day  .3).  and  7  days  (Day  7)  in  the  presence  of  SO  ng.rmi  NGF  Fhe  neurons  were  then 
exposed  to  a  high  K'  medium  (40  mM)  ctmtaining  NGF  (I  4  or  anii-NGF  (■)  for  in  h.  and  were 
examined  tor  cell  survival  Surviving  neurons  identified  bv  anti  .M.\F  2  staining  were  counted  up  to 
4.0(X)  cells  Relative  number  ot  surviving  neurons  under  depolarizing  conditions  are  presented  com¬ 
pared  to  the  number  of  surv  iving  neurons  in  the  presence  of  NGF  Fhc  loi.il  cvtophismic  eiizv  inc 
activities  were  compared  in  cases  where  cell  counting  was  a  ditficult  t.i.sk.  such  .is  in  ihe  neurons 
grown  for  7  days  which  tended  to  lorni  aggregates  .Mean  +  hi)  (n  -  l) 
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FIGURE  2.  High  K  ’  -induced  increase  in  intraccUuhr  calcium  levels  (|Ca’  ‘  |,)  ot  SCG  neurons  SCG 
neurons  grown  in  the  presence  of  NGF  for  8  h  (designated  as  Dav  0,  left)  and  for  7  days  (Dav  7. 
right)  were  loaded  with  4  pM  fura-2  for  1  h  The  neurons  were  then  challenged  to  a  high  K '  saline 
(40  mM),  and  the  time  course  of  changes  in  |Ca’'|,  levels  of  live  individual  neurons  weie  recorded 

depolarized  for  1  day  was  247  +  14  nM  (n  =  30),  while  the  basal  level  of  |Ca’  ], 
was  9  3.0  ±  10.5  nM  («  =  48).  The  rapid  phase  is  mediated  by  a  transient  activation 
of  N-type  Ca’'  channels,  while  the  sustained  portion  is  due  to  L-tvpe  Ca’’  channels 
When  the  neurons  at  Dav  0  were  exposed,  however,  to  a  high  K"  medium,  no 
threshold  response  was  observed  followed  by  small  plateau  levels,  which  were  soon 
diminished  even  under  continuous  exposure  to  a  high  K'  medium  (Fig.  2.  left).  These 
findings  suggest  that  the  capability  of  sympathetic  neurons  to  respond  to  membrane 
depolarization  is  de'’elopmentally  regulated  and  NGF  enhances  this  response  possible 
through  the  upregulation  of  L-type  Ca’ '  channels  (and  also  N-type  channels) 
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The  investigation  of  the  Ca’ ‘ -neurotransmitter  release  coupling  in  the  t  enebrate 
central  nervous  system  has  been  hindered  largely  due  to  technical  difficulties  arising 
from  the  small  size  of  presynaptic  terminals.  In  the  goldfish  retina,  one  type  of  bipolar 
cells  has  an  extraordinarily  large  axon  terminal  (ca.  10  pm  in  diameter)  '  b'sing  this 
preparation,  we  examined  the  propenies  of  the  presvnaptic  calcium  current  that  medi¬ 
ates  the  release  of  neurotransmittcr. 

Bipolar  cells  with  a  large  axon  terminal  were  dissociated  enzvmaticalU  from  the 
goldfish  retina,  '  and  were  voltage  clamped  by  a  patch  pipette  in  the  \c  hole-cell  recording 
configuration.  A  Ca’’  indicator.  Fura-2,  was  introduced  into  the  bipolar  cell  sia  patch 
pipette,  and  the  spatiotemporal  changes  of  intracellular  free  C.a’ '  concentration  (|(  a’ '  |,) 
and  the  calcium  current  (h.,)  were  monitored  simultaneously. 

A  horizontal  cell  isolated  from  the  catfish  retina  was  voltage  clamped  in  the  whole- 
cell  recording  configuration,  and  used  as  a  probe  of  glutamate,  which  is  the  leading 
candidate  for  the  neurotransmittcr  of  bipolar  cells.' 

I(  j  of  bipolar  cells  was  identified  as  the  high-voltage  activated,  dih\ drops  ridine- 
sensitive  type  (Figs.  1  and  2).  Neither  the  (0-conotoxin-sensiti\  e  ts  pe  nor  the  loss  - 
voltage  activated  type  was  detected  in  this  preparation 

Upon  activation  of  l< by  a  depolarizing  pulse  (tia’ '  ],  increased  rapidls’  at  the  axon 
terminal  region,  and  then  recos'ered  slowly  to  the  initial  level  after  the  cessation  of 
the  pulse  (Fig.  1).  On  the  other  hand.  |Oa  ‘l,  at  the  cell  body  did  not  change  (Fk. 
I),  or  increased  slightly  with  a  slower  time  course  and  reached  a  peak  nuich  later 
than  the  offset  of  depolarization  Nicardipine  blocked  both  b.,  and  the  increase  ot 
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FIGURE  1 .  Simultaneous  recordings  ol  1,  ,  and  ol  tempord  changes  ol  |(  a  I  in  a  \  oltage-clamped 
hipolar  cell.  The  membrane  current  evoked  bv  a  depolan/ina  pulse  niostK  consisted  ot  k  ,  ithe  leakage 
current  was  not  subtracted)  Fura-2  (100  (iM)  was  introduced  into  the  cell  sia  a  patch  pipette  \  ideo 
images  ol  Fura-2  fluorescence  were  obtained  evers'  1 5  frames  per  sec  he  using  a  silicone  inteiisitied 
target  camera  and  its  output  seas  fed  into  an  image  processor  (ARCiL  S- 100,  C  A  st  siem.  1  lanumatsu 
Photonics)  Fhe  main  panel  indicates  the  spatially  aseraged  fluorescence  ratios  d-  540  I-  (nOi  in  the 
axon  terminal  region  (A  I")  and  m  the  cell  hods  region  (CR) 


(Ca’ ‘|,  These  results  suggest  that  dihvtirops  ritiine-sensitise  ciJciuin  channels  are  highls 
localized  to  the  axon  termintil  region 

Activation  ol  I,  j  ol  a  bipolar  cell  estiked  a  neumtransniitter-induced  current  in 
the  horizontal  cell  closely  apposed  to  the  axon  terminal  of  the  bipolar  cell  (I  n.  2)  1,  , 
and  the  neurotransmitter-induced  current  \s  ere  suppressed  concomitantls  In  nifedipine 
and  Clo"' ,  but  not  by  0)-conotoxin.  Hie  larger  the  Ca' '  influx  into  bipolar  cells,  the 
larger  the  amplitude  of  the  neurotransmitter-induced  current 

It  is  concluded  that  the  neurotransmitter  (probably  glutamate)  is  released  b\  the 
activation  ot  dihydropyridine-sensitive  calcium  channels  localized  to  the  press naptic 
terminals  of  bipolar  cells 
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FIGURE  2.  Effects  ot'co-conotoxm.  nifedipine,  and  (.d  '  on  I.  ,  ot  a  goldfish  liipolar  cell  (BC)  and 
on  the  neurotransmitter-induced  current  recorded  from  a  catfish  hori/ontitl  cell  (HC)  clo-.els  apposed 
to  the  axon  terminal  of  the  BC.  (A)  A  depolarizing  pulse  (top  trace)  applied  to  the  BC  es  oked  I,  ,  in 
the  BC  (muUte  trace)  and  an  outward  current  (the  neurotransmitter-uiduccd  i  urrcni)  in  the  HC 
voltage-clamped  at  +  40  m\'  {bottom  trace)  Both  currents  were  not  art'ccted  h\  CiJ-conotoMn  1 1  p.\L 
Bl,  hut  were  suppressed  hv  nifedipine  (100  p.\U  C).  and  C.o' '  ( (  (  m.S\.  D)  to-ConotoMn.  nifedipine 
or  Co’’  caused  little  suppressive  effect  on  the  glutaniate-esokcd  currents  of  HCls 
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Voltage-Dependent  Block  of 
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Recent  whole-cell  patch  clamp  studies  have  shown  a  possible  direct  inhibitory  action 
of  caffeine  on  voltage-dependent  Ca  channel  in  smooth  muscle  cells. ‘  ’  However, 
those  studies  mainly  measured  Ba’*  currents  passing  through  Ca  channels  and  the 
more  precise  mechanism  underlying  the  inhibitory  action  of  caffeine  remains  unclear. 
In  this  study,  we  have  examined  the  inhibitory  action  of  caffeine  on  L-typc  Ca  current 
in  more  detail  using  the  whole-cell  and  cell-attached  patch  clamp  technic|ues  in  smooth 
myocytes  of  the  guinea  pig  urinary  bladder. 

The  time  course  of  inhibitory  action  of  caffeine  on  Ca  current  (f  J  was  examined 
by  applying  repetitive  depolarizations  at  a  frequency  of  I  Hz.  The  inhibition  of  h  a 
induced  by  caffeine  was  found  to  occur  in  a  biphasic  manner  when  a  low  concentration 
of  EGTA  (0.05-0  5  mM)  was  included  in  the  patch  pipettes  (Fig.  l.A)  The  initial 
transient  decrease  in  F  j  was  eliminated  by  increasing  EGTA  concentration  (20  mM) 
or  adding  both  procaine  (10  mM)  and  heparin  (1  mg/ml)  in  the  patch  pipettes  (Fig 
1,B),  but  the  steady  decrease  in  ha  was  unaffected  by  those  treatments.  The  result 
suggested  that  the  initial  transient  decrease  in  ha  induced  by  caffeine  was  due  to 
Ca-mediated  inactivation  of  h.a  caused  by  release  of  stored  Ca  and  that  the  .steady 
decrease  in  ha  was  probably  due  to  the  direct  blocking  action  of  caffeine  on  h  .■ 

The  degree  of  steady  decrease  in  h  a  by  caffeine  was  found  to  be  dose  dependent 
with  the  Kj  value  of  20  mM.  The  steady-state  activation  curve  remained  unchanged 
by  caffeine.  The  steady-state  inactivation  curve,  however,  was  significantly  shifted  to 
the  negative  direction  by  caffeine  in  both  1.8  mM  Ca’*  (Fig.  2)  and  Ba’‘  solutions 
This  hyperpolarizing  shift  in  the  steady-state  inactivation  curve  was  not  oh.scrved  when 
we  applied  8-bromo-cyclic  AMP  (100  pM)  to  the  bath  solution. 

Cell-attached  patch  clamp  recordings  from  smooth  myocytes  of  the  guinea  pig 
urinary  bladder  were  done  with  100  mM  Ba’‘  as  the  charge  carrier.  Application  of 
caffeine  into  the  bath  solution  reduced  the  opening  probability  of  I. -type  Ca  channel 
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FIGURE  1 .  The  time  course  of  inhibitory  action  of  caffeine  on  L  i  in  two  different  pipette  conditions 
Ic,  was  obtained  by  depolarization  (100  msec  duration)  to  10  mV  from  a  holding  potential  of  -  60 
mV  at  a  frequency  of  1  Hz.  The  relative  peak  L,  was  plotted  against  time  Caffeine  was  applied  for 
the  periods  indicated  by  the  bars  O  S  mM  EGTA  (A),  and  O.y  mM  EGTA  with  procaine  (10  mM) 
and  heparin  (1  mg/ ml)  (B)  were  included  in  the  patch  pipettes. 

current  (slope  conductance,  3  3  pS)  without  a  significant  change  in  single  channel 
conductance.  These  results  suggest  that  caffeine  has  a  direct  blocking  action  on 
presumably  by  preferential  binding  of  caffeine  to  L-type  Ca  channel  in  the  inactivated 
state  similar  to  the  action  of  1 ,4-dihydropyridine  Ca  channel  antagonists.'* 
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Membrane  potential  (mV) 


FIGURE  2.  The  efFeets  ol' caffeine  on  steady-state  inactivation  curses  tor  I,  ,  in  ihe  alisence  (C) 
and  presence  (•)  of  1 0  rtiM  caffeine.  I  he  conventional  tsvo-pulse  protocol  ss  as  used  a  5-sec  condi:  ion- 
mg  pulse  to  various  potentials  was  following  by  a  100-msec  test  pulse  to  10  ni\'  I'he  nia.simuni 
amplitude  of  the  peak  inward  current  evoked  with  no  conditioning  pulse  was  normalised  to  1  0 
Each  point  represents  an  averaged  value  obtained  from  4-10  different  cells  Smooth  curses  w  ere 
fitted  based  on  the  Boltzmann  distribution  for  the  inactivation  gating  parameters  a.s  a  function  of 
the  membrane  potential.  Control,  i  =  l/|l  +  exp<V  +  23.4)/7  5)  Caffeine.  I  =  1 /|  1 -s  exp(\  * 
39)/IO| 
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Stimulation  of  Ca’  *  influx  through  the  dihydropyridine  (DHP)-sensitive  Ca  channel 
into  cardiac  muscle  is  essential  for  the  isotropic  effect  caused  by  (J-adrenergic  drugs. 
cAMP-dependent  protein  kinase  (PKA)-mediated  phosphorylation  participates  in  the 
stimulation  of  the  Ca  current,  however,  phosphoproteins  involved  in  this  regulation 
remain  to  be  identified.' ’  We  investigated  the  phosphorylation  of  the  al  subunit  in 
rabbit  hean  and  CHO  cells  stably  transfected  with  cDNA  encoding  the  entire  region 
of  the  al  subunit  (CCAR  cells)  and  the  effect  of  dibutyryl  cAMP  (db-cAMP)  and 
forskolin  on  the  Ca  current  in  the  cells.* 

A  polyclonal  antibody,  CR2,  against  a  C-terminal  segment  of  al  subunit  of  rabbit 
cardiac  L-type  Ca  channel  immunoprecipitated  more  than  60%  of  ['H]PN200-1 10- 
labeled  Ca  channel  solubilized  from  rabbit  cardiac  membranes  The  CR2  recognized 
200  kD  and  2  JO  kD  polypeptides  as  major  and  minor  antigens,  respectively,  in  the 
rabbit  cardiac  membranes  by  immunoblotting.  A  2J0  kD  protein  recognized  by  CR2 
was  expressed  in  the  CCAR  cells,  cAMP-dependent  protein  kina.se  (PKA)  phosphory- 
lated  the  250  kD  but  not  the  200  kD  protein  in  vitro  (Fig.  1).  I'hc  250  kD  protein 
in  the  CCAR  cells  was  phosphorylated  within  5  min  after  treatment  with  db-cAMP, 


“  New  address:  Advanced  Research  Center  for  Human  Sciences,  \Va.seda  L'niversitv,  2-t79-15 
Mikajima,  Tokorozawa,  Saitama  J59,  Japan 
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CHO  CCAR  Heart 


FIGURE  I.  Phosphorylation  of  the  cardiac  al  subunit  from  the  rabbit  hcan  and  CXiAR  cell  In 
PKA  in  vilro.  The  a  I  subunit  were  solubilized  from  Cil  lO  cells,  (XiAR  cells,  and  rabbit  hearts,  and 
immunoprecipitated  with  either  control  IgCi  (Ci)  or  CR2  (S)  Fhe  inimunoprecipitates  were  incubated 
with  [y-’’P|ATP  and  a  catalytic  subunit  of  PKA  for  10  min  at  !0°(; 


In  order  to  determine  whether  PKA-mediated  phosphorylation  of  the  2,^0  kD 
form  of  al  subunit  could  affect  the  Ca  channel  function,  we  investigated  the  electro- 
physiological  properties  of  the  CCAR  cells.  In  CCiAR  cells,  voltage-dependent  Ba 
current  was  expressed  and  was  completely  inhibited  by  10  pM  nicardipine  The 
amplitude  of  dihydropyridinc-sensitive  Ba  current  observed  in  the  cells  increased  sig¬ 
nificantly  by  treatment  with  db-cAMP  or  8-bromo-cAVlP  (Fig,  2),  We  obscr.  ed  an 
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FIGURE  2.  The  effect  of  db-cAMP  on  Ibj  in  CCAR  cells.  <A)  Currents  in  the  absence  of  db-cAMP 
recorded  by  depolarization  to  -40,  -20,  0,  iO.  and  +40  mV  for  .?00  msec  from  a  holding 
potential  of  -  60  mV  are  superimposed.  (B)  Currents  in  the  presence  of  db-cAMP  (200  (.t.Vf)  recorded 
at  same  membrane  potentials  a.s  those  in  A  are  superimposed 


increase  in  the  amplitude  of  Ba  current  by  db-cAMP  and  8-bromo-c AMP  in  8  and 
14  experiments  out  of  19  and  25  in  the  CCAR  cells,  respectively.  The  amplitude  of 
Ba  current  at  -1-20  mV  gradually  increased  after  adding  db-cAMP,  and  reached  a 
steady  level  about  5  min  thereafter.  This  was  consistent  with  the  time  course  of  the 
phosphorylation  of  the  a  1  subunit.  These  results  indicated  that  the  Ca  channel  activity 
can  be  modulated  by  cAMP-dependent  phosphorylation  of  the  al  subunit  of  cardiac 
Ca  channel. 
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Primary  Structure  and  Tissue 
Distribution  of  a  Novel  Calcium 
Channel  from  Rabbit  Brain'" 
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Voltage-dependent  calcium  channels  arc  essential  for  the  regulation  of  a  \arictv 
of  cellular  functions,  including  membrane  excitability,  muscle  contraction,  svnaptic 
transmission,  and  other  forms  of  secretion.  At  least  four  types  of  calcium  channel 
(designated  T-,  L-,  N-,  and  P-type  calcium  channels)  have  been  distinguished  bv  their 
electrophysiological  and  pharmacological  properties  Recently,  cDNA  cloning  studies 
have  revealed  the  existence  of  multiple  calcium  channel  gene  products.  Here  we  repon 
the  complete  amino  acid  sequence  of  a  novel  brain  calcium  channel  (designated  BID 
deduced  from  the  cDNA  sequence.  The  tissue  distribution  of  Bll  niRNA,  together 
with  that  of  B1  mRNA,  has  also  been  studied  bv  nonhern  blot  amilvsis.' 

Figure  1  shows  the  primary  structure  of  the  rabbit  Bll  calcium  channel  deduced 
from  the  cDNA  sequence;  the  open  reading  frame  corresponding  to  the  amino  acid 
sequences  of  the  skeletal  muscle,’  cardiac,'  and  BE  calcium  channels  was  adopted  and 
translation  initiation  site  was  assigned  to  the  first  ATG  triplet  that  appears  dtiwnstream 
of  a  nonsense  codon.  Two  isoforms  of  Bll  calcium  channel  (Bll-1  and  BII-2;  see  Fig. 
1  legend)  differ  from  each  other  in  the  carboxv-terminal  sequence  beginning  with 
amino  acid  residue  2,101.  BlI-l,  and  Bll-2  arc  composed  of  2.239  and  2,178  amino 
acid  residues,  respectively,  with  relative  molecular  masses  of  2.74, 24^  and  247,595 
Amino  acid  sequence  comparison  of  the  Bll,  Bl-2,  cardiac  and  skeletiil  muscle  culcium 
channels  reveals  that  the  amino  acid  sequence  of  the  Bll  calcium  channel  is  more 
clo.sely  related  to  that  of  the  BI-2  (59%  amino  acid  identities  between  the  Bll- 1 /Bl-2 
and  BII-2/BI-2  pairs)  than  to  those  of  the  other  calcium  channels  (?8,  40,  41,  and 
42%  amino  acid  identities  between  the  Bll-f/cardiac,  BIl-2/cardiac,  BII-1 /skelet;il, 

■'  GenBank  Accession  Number:  The  nucleotide  sequences  of  the  rahhit  Bll  cDN.A  w  ill  ,\ppe,tr 
in  the  EMBI.,  CienBank  and  DDBJ  nucleotide  sequence  data  bases  under  the  accession  number 
X67855  (BII-1)  and  X67856  (Bll-2) 

'’Address  correspondence  to  Tetsuhiro  Nlidonie,  Isukuha  Research  l.alioratories,  I  is,u  (  o  , 
I.td  ,  1-f  l  okodai  5-chome,  f  sukuha-shi,  Ibaraki  t(M)-26,  Japan 
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BIl-2 /skeletal  pairs,  respeetively).  Signifieant  sequence  divergence  among  the  four 
(or  five)  ciilcium  channels  is  found  in  a  region  between  repeat  II  and  III,  and  in  a 
carbo.sv-terminal  region.  RNA  preparations  from  different  rabbit  tissues  and  from 
different  regions  of  rabbit  brain  were  subjected  to  northern  blot  analysis  with  a  BII 
cDNA  probe  or  a  BI  cDNA  probe  (Fig.  2).  I'wo  major  hybridizable  RNA  species  ot 
~  10,500  and  —  I  1,000  nucleotides  were  detected  with  a  BII  cDNA  probe  and  a 
major  hybridizable  RNA  species  of  ~  9,400  nucleotides  with  a  BI  cDNA  probe  in 
the  brain  at  high  levels.  The  level  of  BII  mRNA  species  was  much  higher  in  the 
cerebral  cortex,  hippocampus,  and  corpus  striatum  than  in  the  olfactor\  bulb,  mid 
brain,  cerebellum,  and  medulla-pons,  whereas  the  level  of  BI  mRNA  species  was  much 
higher  in  the  cerebellum  than  in  the  other  regions  of  brain 

Our  results  show  that  voltage-dependent  calcium  channels  can  be  classified  into  at 
least  two  main  subfamilies,  according  to  the  degrees  of  amino  acid  sequence  homologv 
between  calcium  channel  pairs.  One  subfamily  consists  of  the  I.-tvpe  calcium  channels 
from  skeletal  muscle,  heart,  smooth  muscle,  pancreas,  and  brain,  and  the  other  subfam¬ 
ily  consists  of  the  BI  calcium  channel,  w’hich  may  represent  P-tvpc,  and  the  BII  calcium 
channel.  The  spatial  distribution  of  BII  mRNA  in  the  brain  is  markediv  different  from 
that  of  BI  mRNA.  BII  mRNA  is  abundant  in  the  cerebral  cortex,  hippocampus,  and 
corpus  striatum,  while  BI  mRNA  is  expressed  predominantly  in  the  cerebellum,  \’er\ 
recently,  a  partial  cDNA  encoding  the  class  E  calcium  channel  have  been  isolated 
from  rat  hippocampus.'  The  amino  acid  sequence  of  the  class  E  calcium  channel  is 
most  closely  related  to  the  class  A  and  B  calcium  channels,  which  appear  to  represent 
P-  and  N-type,  respectively.  Northern  blot  analysis  shows  the  class  E  calcium  channel 
mRNA  is  found  in  different  regions  of  the  brain,  its  level  being  much  higher  in  the 
hippocampus.  These  results  suggest  that  the  cla.ss  E  calcium  channel  is  the  rat  counter¬ 
part  of  the  BI!  calcium  channel  in  the  rabbit  brain.  What  arc  the  phvsiological  roles 
for  the  BII  calcium  channel?  Notably,  CA3  and  DRG  neurons  have  a  significant  fraction 
of  high  threshold  calcium  channel  current  remaining  in  the  presence  of  co-Aga-l\  A, 
CO-conotoxin,  and  dihydropvridines,''  which  are  specific  blockers  of  P-,  N-,  and  I.-tvpe. 
respectively.  The  Bll  calcium  channel  may  represent  this  unidentified  fraction  and  be 
involved  in  long-term  potentiation  and/or  delayed  neuronal  cell  death 
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FIGURE  1.  (Left  jnd  above)  Amino  acul  H'<|Ucna-  (in  onc-lctu-r  khIc)  oI  the  r.ililiit  br.iin  taEium 
channel  Bll.  i.leiiucci.t  from  thecDNA  set)uence.  and  alignment  of  the  amino  and  wi]iieni.e  ot  ditfereni 
calcium  channels.  For  the  cloning  procedures  see  Niulomei’t  j/  An  insened  sequence  ol  K 1 6  nucleotide 
residues,  which  contains  in-frame  translational  termination  codon,  is  tound  in  isso  clones  (XCRf  'n 
and  XCB244).  vs  hercas  it  is  missing  m  another  clone  (XCB2n4)  1  his  insert  lon-delet  ion,  sv  Inch  prohaliU 
results  from  alternative  R\.\  splicing,  gives  rise  to  distinct  mRN.As  encoding  two  isolorms  ot  the 
Bll  calcium  channel  (BIM  and  BlI-2)  Lhe  four  sec|Uences  (or  tive  after  divergence  of  the  Bll  I  and 
BII-2  sequences)  compared  (from  top  to  Bottom)  are  as  follows  Bll  .  BI-2 '.  rahhit  c.irdiac  1)1  IHsen'itive 
calcium  channel'  (G).  rahhit  skeletal  muscle  1)1  IP-sensitive  c.ilcium  channel  (.hkl  Amino  acid  reoduec 
arc  numhered  from  the  initiating  methionine,  and  numhers  of  the  amino  acid  residues  on  each  line 
are  given  on  the  right-hand  side  The  arrowhead  indicates  where  the  Bll- 1  and  Bll-2  proteins  hverge 
in  sequence,  residues  2.040-2.110  of  Bll-1.  which  immediatelv  precede  the  position  indicated  hv 
the  arrowhead,  arc  not  displaved.  .Sets  of  four  (or  live)  identical  residues  at  one  |x)sition  are  enclosed 
with  solid  lines,  and  sets  of  four  (or  tive)  identical  or  conservativ  e  residues  at  one  posit  ion  vv  ith  hrokeit 
lines  The  putative  transmemhrane  segments  SI-S6  in  each  of  the  repeals  1-1\’  are  shown 


FIGURE  2.  Autoradiograms  of  blot  hvhridi/ation  analysis  of  RN.A  from  different  rahhit  tissues 
and  ditferent  regions  of  rahhit  Brain  with  a  Bll  cDN.A  probe  (A)  or  a  B1  cDN.A  probe  (B)  (A)  ID 
pg  of  polv(A)'  RNA  (a)  or  1  f  pg  of  total  RNA  (h)  was  applied  to  each  lane  l  he  probe  was  the 
0  60  kb  Sa/1(  1,298)/ BamHl(l  ,988)  fragment  derived  Irom  X.UBP201  (a)  or  the  2  6  kb  Ei'»Rl(  1 .689) 
£foRI(6,29?)  fragment  from  XGBA24()'  (b)  and  labeled  bv  random  primer  method  and  the  nick 
translation  method,  respectively  Similar  results  were  obtained  in  the  experiment  in  which  the  2  6 
kb  £c'»Rl(1.689)/£foRI(6.29?)  fragment  from  X(.BA24()  wees  used  as  a  probe  (data  not  shown) 
Autoradiography  was  at  -  for  1  clays  (a)  or  7  davs  (b)  with  an  iiuensitvmg  screen  (B)  ID  pg 
of  poly(.A)‘  RNA  (a)  or  total  RNA  (b)  was  applied  to  each  lane  lhe  probe  was  BF-cR s ,84 ?) 
BFel(5,088)  fragment  derived  from  XGBPl()7'  and  labeled  bv  nick  translation  method  Autoradiogra 
phy  was  at  -  7(1'’G  for  24  h  (a)  or  7  days  (b)  with  an  intensifying  screen  An  RN.A  ladder  (Bethesda 
Research  Laboratories)  was  used  for  size  markers  (in  kilobases) 
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Two  monoclonal  antibodies  (MAbs),  SPM- 1  and  SPM-2 ,  immunoprccipitatc  some 
ot'co-conotoxin-sensitive  (N-tvpe)  Ca  channels  in  the  brain,'  SPM-1  and  SPNV2  recog¬ 
nize  nervous  system-specific  proteins ot  36  kD  and  28  kD,  respectively  These  proteins 
are  not  subunits  of  N-tvpe  Ca  channels  but  are  as.sociated  with  them  W  e  identified 
several  isoforms  of  the  36  kD  protein  (named  synaptocanalins)  (S'Cs)  and  cloned  cDN.\ 
for  one  isoform,’  Very  similar  proteins  (HPC-l/syntaxins)  base  been  identified  trom 
different  lines  of  research,'  ■*  Here  we  show  that  the  28  kD  band  contains  tss  o  proteins 
and  that  one  is  identical  to  SNAP-2 .3.  a  protein  in  presynaptic  terminals  '  W'e  .ilso 
present  evidence  for  the  association  of  SCs  with  a  synaptic  \  esicle  protein,  synaptotag¬ 
min  (ST), 

On  SDS-PACE  in  the  presence  of  urea,  the  28  kD  bands  in  the  SDS  eluates  from 
SPM-l-  and  SPM-2-Sepharosc  were  separated  into  tvso  components  (2>'a  and  281)), 
Both  components  reacted  with  SPM-2,  Ihe  28a  component  was  cleaved  with  CNBr 
and  fractionated  by  HPI.C,  The  amino  acid  sequences  of  ma|or  fragments  are  giv  en 
in  Table  1 ,  The  exact  sequences  of  all  these  fragments  were  contained  in  the  sequence 
of  SNAP-25,  Moreover,  the  28a  component  reacted  with  antisera  raised  against  two 
partial  am  in  >  acid  sequences  of  SNAP-2  5,  1  hese  results  indicate  that  the  28a  compo- 


I  able  1.  Amino  Acid  Sequences  of  Fragments  Obtained  b\  ONBr  C.leavage 
of  the  28a 


Fragment 

Sequence 

1 

,.\-l-S-(,-(.  F  I  R-R A  I  N 

2 

X 

I  .  Q  F  A  -F-F  S-K-D-  A 

I)-F.-N-l,  F.-(2  \  S  (.-I 

I  he  .imino  .kkI  sequences  of  C.NBr  Iragments  puriliet!  l)v  HPI.C'  are  shown  Ihe  exaci  sequences  ol 
.ill  these  fragments  are  contained  in  the  sequence  of  SN.AP-2^ 


575 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


5  74 
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FIGURK  I .  (  oimmunoprt’cipnatKMi  ot  svnapr<Kan.ilins.  the  28a  aunponent  (SNAP-2  anvl  svttap- 
totagnim  A  (JIAPS  extract  <i1  the  Ixmiic  hrain  IvscJ  P2  traction  wax  mciiliatcd  \Mth  SPW  1- 
Sepharose  (lanes  2  and  or  SPM*2-Seph  •  ose  (lanes  4  and  5)  or  noniKii  mouse  IgCi-Sepharose  (lanes 
6  and  7)  tor  2  li  at  4"'(;  a.s  descrihvil  previously,  and  the  Sepharose  heads  were  washed  unh  20 
mM  Iris-IKJ  liutfer-O  2*7i  (  MAPS  containing  0  1^  M  NaC.I  (lanes  2,  4.  aiul  f>)  or  0  '  W  NaC  1 
(lanes  t .  ^  and  7)  I  he  precipitated  materi.ils  were  then  aivilv/ed  hv  immunohlotting  \\  ith  a  mixture 
ot  MAhs  (SPM- 1 ,  SPM-2.  and  anti-synapioiaj:niin  (niAhlDl  2))  l  ane  1 ,  C  J  l  APS  extract  S  i .  s\ nap 
toiagmin,  S(  .  svnaptocan.ilins,  M('.  heavy  chains  ot  lg(is  released  trom  the  heads 
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nent  was  identical  to  SNAP-2  . The  28b  component  differed  from  the  28a  component 
(SNAP-2  .f),  as  it  did  not  react  with  either  of  the  antisera. 

Sr  was  not  immunoprecipitated  by  SPM-1  or  SPM-2,  when  a  digitonin  extract 
of  bovine  brain  membranes  was  used.  However,  it  was  precipitated  when  CHAPS 
was  u.sed  instead  of  digitonin  (Fig.  1),  in  agreement  with  previous  reports.^ Conversely, 
small  amounts  of  SCs  and  the  28a  component  were  precipitated  hy  a  MAh  against 
ST  (mAblD12,  kindly  supplied  by  M.  Takahashi,  Mitsubishi  Kasei  Institute  of  Life 
Sciences). 

Together  with  our  previous  findings,'  ’  the  above  results  indicate  the  association 
of  SCs  with  SNAP-2.5'  and  ST.  Thus.  SCs  may  play  roles  in  the  regulation  of  N-type 
Ca  channels  and  neurotransmitter  release  at  the  presynaptic  terminals. 
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Immunohistochemical  Localization 
of  the  Proteins  Associated  with 
Brain  N-Type  Calcium  Channels'* 
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N-type,  (O-conotoxin  GVIA-sensitive.  calcium  channels  are  believed  ro  be  directly 
involved  in  the  release  of  neurotransmitters  at  many  synapses  in  the  peripheral  and 
central  nervous  systems.  Two  membrane  proteins  (36  kD  and  28  kD)  a.ssociated  with 
brain  N-type  calcium  channels  were  identified  using  two  monoclonal  antibodies.'  They 
may  be  involved  in  the  regulation  of  the  channel.  Most  recently,  the  36  kD  protein 
has  been  demonstrated  to  contain  several  isoforms,  which  are  collective))  named  as 
“synpatocanalins.”’ 

We  have  examined  the  localization  of  the  36  kD  and  28  kD  proteins  in  the  rat 
brain  by  immunofluorescence,  confocal  laser,  and  immunoelectron  microscopy  using 
two  monoclonal  antibodies,  SPM-1  and  SPM-2.  The  pattern  of  immunostaining  for 
these  two  proteins  was  almost  identical,  suggesting  that  they  were  colocalized.  These 
proteins  was  widely  distributed  throughout  the  brain,  though  there  were  marked 
differences  in  staining  intensity  in  various  pans  of  the  brain.  In  general,  the  cortex 
and  nuclei  in  all  parts  of  the  brain  were  preferentially  stained,  whereas  the  medulla 
showed  no  weak  immunostaining.  The  perikarya  of  neurons  were  usually  immunoneg- 
ative. 

In  the  cerebellum,  the  whole  molecular  layer  was  intensely  stained  to  show  a 
lattice-like  pattern  of  fluorescent  dots  as  observed  with  a  confocal  laser  microscope 
(Fig.  1).  No  immunostaining  was  detected  in  the  perikarya  and  dendrites  of  Purkinjc 
cells.  In  immunoelectron  microscopy,  most  of.  but  not  all,  presynaptic  regions  were 
positively  stained,  more  intensely  on  the  presynaptic  membrane,  and  the  postsynaptic 

*  I'his  study  was  supported  in  pan  by  Cirants-in-Aid  tor  Scientific  Research  from  the  Ministrc 
of  Education,  Science  and  Ciulturc,  Japan,  and  the  Brain  Science  Foundation 
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FIGURE  1.  Confocal  image  of  the  cerebellar  cortex  immunostained  for  the  56  kD  protein  The 
molecular  layer  (ML)  shows  a  lattice-like  pattern  of  fluorescence,  while  the  perikarya  ot  Purkinje 
cells  (P)  are  not  stained  In  the  granular  layer  (GL),  scattered  aggregates  ot  fluorescent  dots  are 
observed 


regions  in  the  perikarya  and  dendrites  including  dendritic  spines  of  Purkinje  cells  were 
immunonegative  (Fig.  2).  The  granular  layer  was  less  intense  in  immunoreactivity 
with  scattered  aggregates  of  immunopositive  synap.ses.  Interestingly,  granular  cells 
appeared  to  be  immunopositive  in  their  perikarya.  The  cerebellar  medulla  was  only 
weakly  stained. 

In  the  cerebrum,  the  cortex  was  intensely  stained  to  show  a  dense  network  with 
neuronal  perikarya  and  vertically  running  fibers  unstained.  An  intense  immunostaining 
was  also  observed  in  the  limbic  system,  especially  in  the  hippocampus,  where  the 
molecular  layer  of  the  hippocampus  was  most  inten.sely  stained.  The  olfactory  bulb 
and  the  median  eminence  also  showed  an  intense  immunostaining.  In  the  brain  stem 
most  of  the  nuclei  were  stained  as  typified  by  the  solitary  nucleus  and  the  nuclei  ot 
N.  facialis,  N.  trigeminus,  and  N.  vestibulocochlearis. 


r 
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FIGURE  2.  Immunoelectron  micrograph  of  the  molecular  layer  of  the  cerebellum  Presynaptic 
regions  (Pre)  are  immunostained.  more  intensely  on  the  presynaptic  membrane  (arrowheads)  Note 
that  the  dendrites  of  the  Purkinjecell  (P)  including  the  postsynaptic  region  (Post)  are  immunoncgative 


These  observations  suggest  that  in  the  rat  brain  the  36  kD  synaptocanaJin  and  28 
kD  protein  coexist  as  important  presynaptic  membrane  components  associated  with 
N-type  channels. 
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Diversity  of  Calcium  Channel 
Subtypes  in  Presynaptic  Terminals 
of  the  Chick  Ciliary  Ganglion 
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Voltage-gated  Ca’'  channels  in  the  presynaptic  nerve  terminal  have  been  shown 
to  be  crucial  molecules  in  the  process  of  transmitter  release.  In  contrast  to  the  neuronal 
somata,  the  diversity  of  presynaptic  Ca’*  channels  were  studied  in  limited  preparations. 

We  have  presented  direct  evidence  that  two  subpopulations  of  high-threshold  Ca’* 
channels  coexit  in  the  caliciform  presynaptic  terminal  of  chick  ciliary  ganglion,'  The 
major  type  was  sensitive  to  (0-conotoxin  GVIA  ((0-CgT x)  but  insensitive  to  dihydropyr- 
idines  (DHPs).  This  subtype  was  little  affected  by  the  change  in  holding  potential. 
The  other  Ca'**  channel  subtype  was  resistant  to  both  CO-CgTx  and  DHPs  and  was 
easily  inactivated  at  depolarized  holding  potentials.  It  has  been  shown  that  in  mamma¬ 
lian  neurons,  a  spider  venom  toxin,  to-agatoxin  IVA  (co-Aga-IV’A)  specifically  blocks 
a  subcomponent  of  high-threshold  Ca'**  currents  (P-type)  that  is  resistant  to  both 
CO-CgTx  and  DHP.* '  In  this  study  i  have  te.sted  whether  the  CO-CgTx-resistant  Ca’* 
current  in  the  chick  ciliary  presynaptic  terminal  is  sensitive  to  CO-Aga-lVA  or  not. 

Large  presynaptic  terminals  in  the  chick  ciliary  ganglion  w  ere  identified  and  prepared 
as  previously  described. '  Whole-cell  Ba’*  current  was  recorded  by  using  a  patch  pipette 
containing  CsCl  in  a  Na*-free  extracellular  .solution  containing  tetraethylammonium 
and  tetrodotoxin.  The  Ba**  currents  were  activated  by  step  depolarizations  to  0  m\’ 
from  a  holding  potential  of  -80  mV  (Fig.  I, A).  (0-Aga-IVA  (100  nM,  a  gift  from 
Dr.  M.  E.  Adams,  Depanment  of  Entomology,  University  of  California  Riverside. 
USA)  partly  blocked  the  Ba**  current  (Fig.  1,A  and  B).  The  remaining  current  was 
further  blocked  by  10  pM  (0-CgTx  (Fig.  1,A  and  B).  However,  about  3%  of  total 
Ba**  current  was  observed  in  the  presence  of  both  co-Aga-IVA  and  w-CgTx.  The 
remaining  current  was  abolished  by  0.5  mM  Cd**  (Fig.  i,B) 

When  co-CgTx  was  first  applied,  a  large  part  of  the  Ba’*  current  was  irrcvcrsiblv 
blocked  (Fig.  1,C).  The  remaining  current  was,  however.  Insensitive  to  100  nM 
(O-Aga-IVA  (Fig.  1,C),  The  co-CgTx-resistant  current  was  completely  abolished  bv 
0.5  mM  Ca**  (Fig.  1  ,C),  The  (O-CgTx-resistant  component  of  Ba’*  current  was  ;tlso 
unaffected  by  CO-Aga-IVA  in  two  other  experiments. 

It  concluded  from  the  above  results  that  in  the  chick  ciliary  presynaptic  tcrmin.il, 
the  DHP-  and  co-CgTx-rcsistant  subtype  of  Ca**  channels  was  not  sensitive  to  co-Aga- 
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FIGURE  1 .  Effects  of  (i)-Aga-I\’A  on  Ca”  channel  currents  in  the  chick  ciliarv  presvnaptK  lennin.iJs 
(A)  Ba‘*  currents  were  elicited  hy  100  msec  pulses  to  0  mV  from  a  holdmj;  potcmi.J  of  -  80  m\ 
The  leak  current  was  digitally  sulitracted  Left  ,  control  Middle  In  the  presence  of  KMfnM  w-  \ga  l\ 
Right:  in  the  presence  of  both  o)-Aga-IVA  and  10  pM  u-Cgl  x  (B)  Lime  course  of  inhibition  oi 
the  Ba’*  current  by  l(X)  nM  W-Aga-IVA.  wiih  subsequent  addition  of  10  pM  lu-Cg  l  \.  same  cell 
as  A  The  Ba'^  current  was  completely  blinked  by  the  final  addition  of  0 A  niM  Cd  ‘  (C)  Change 
of  the  Ba’*  current  by  10  pM  W-Cg'I  x,  with  subsequent  application  of  100  iiM  tu-.\ga-l\  A  1  he 
Ci)-Cg’I  x-resistant  component,  which  was  insensitive  to  to-Aga-lVA.  was  completeK  abolished  In 
0  5  niM  Cd'* 
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IVA.  On  the  other  hand,  W-Aga-IVA  blocked  a  subcomponent  of  co-CgTx-sensitivc 
Ca-'*'  conductance.  It  is  unclear  where  the  discrepancies  between  the  mammalian  neu¬ 
rons  and  the  chick  ciliary  presynaptic  terminal  come  from. 
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INTRODUCTION 

Lamben-Eaton  myasthenic  syndrome  (LEMS)  is  an  autoimmune  disorder  of  neuro¬ 
muscular  transmission  characterized  by  muscle  weakness  and  autonomic  dysfunction,' 
LEMS  autoantibodies  affect  presynaptic  mechanisms  by  downregulating  the  voltage¬ 
gated  calcium  channels  that  trigger  transmitter  release.' '  N-type  calcium  channels  are 
oligomeric  proteins'  that  play  a  major  role  in  excitation-secretion  coupling.  They  can 
be  labeled  with  '^'I-OJ-conotoxin-GVIA  ('”I-<«)CgTx)  and  are  specifically  immunopre- 
cipitated  by  LEMS  antibodies.''  We  describe  identification  of  a  LEMS  antigen  associated 
with  N-type  calcium  channels.  Our  results  have  novel  implications  for  the  mechanism 
of  synaptic  vesicle  docking  at  release  sites. 

“  This  research  was  supported  by  grants  from  the  “Association  Francai.se  contrc  les  Myopathies." 
the  "Assistance  Publique  de  Marseille,"  and  Bayer  Pharma 

^To  whom  all  correspondence  should  be  addressed 
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FIGURE  1.  LEMS  IgG  and  mAb  ID12  bind  to  closely  related  proteins  1D12  antigen  was  immu- 
noaffinIty  purified  from  rat  brain  synaptic  membranes  on  a  mAb  I  Dl  2-Scpharose  4B  column  Western 
blots  were  probed  with  normal  human  IgG  flane  1).  LEMS  IgG  (lane  2).  and  mAb  1D12  (lane  5) 
and  immunoreactive  proteins  were  detected  using  anti-lgG  peroxidase  and  Amersham  ECl.  reagents 


RESULTS  AND  DISCUSSION 

Solubilized  '”l-a)CgTx  prelabelcd  calcium  channels  were  partially  purified  by  a 
two-step  affinity  procedure.*  Proteins  were  separated  by  SDS-PAGE,  transferred  to 
a  nitrocellulose  membrane  and  probed  with  a  range  of  human  plasma  or  IgG.  IgG 
from  LEMS  patients  that  immunoprecipitate  solubilized  '^'l-(oCgTx  receptors  at  high 
titre  recognize  a  58  kD  protein  in  immunoblots.'  This  antigen  does  not  appear  to  be 
a  channel  subunit.  Western  blotting  experiments  with  crude  neuronal  homogenates 
suggested  the  58  kD  polypeptide  was  a  major  constituent  of  synaptic  membranes. 
Sucrose  density  gradient  centrifugation  demonstrated  that  most  of  the  58  kD  protein 
sedimented  at  low  velocity,  and  only  a  small  fraction  was  associated  with  the  more 
rapidly  sedimenting  calcium  channel.’  We  therefore  concluded  that  this  LEMS  antigen 
is  a  major  synaptic  protein  that  can  functionally  interact  with  the  channel. 

The  monoclonal  antibody  IDI2  has  similar  properties  to  these  LEMS  IgG.  It 
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vesicle 

FIGURE  2 .  The  association  between  synaptotagmin  and  calcium  channels  mav  pla\  a  role  in  docking 
synaptic  vesicles  at  exocytotic  sites  in  the  prcsynaptic  plasma  membrane  Other  proteins  could  be 
involved  m  this  interaction  including  p5  5  (syntaxm)  During  cxocytosis  the  intravcsicular  \-tcrmin,il 
domain  of  synaptotagmin  would  become  accessible  to  circulating  LEMS  IgG 


immunoprecipitates  calcium  channels  and  recognizes  a  58  IcD  band  in  immunoblots 
of  rat  brain  synaptic  membranes  and  partially  purified  (oCgTx  receptor.' "  1 D 1 2  antigen 
was  purified  on  a  m Ab  1 D 1 2-Sepharose  4B  immunoaffinity  column.  LEMS  IgG  was 
shown  to  bind  to  this  protein  (Fig.  !)  whereas  healthy  human  IgG  did  not  I’he 
protein  was  identified,  by  immunoscreeninga  rat  brain  X.gt  1 1  library  with  mAblDl  2,’ 
as  synaptotagmin  (p6.5)  a  synaptic  vesicle  membrane  protein  thought  to  be  invoked 
in  exocytosis.^ 

Our  results  indicate  that  synaptotagmin  remains  associated  with  N-type  calcium 
channels  during  an  approximately  300-fold  purification.  A  monoclonal  antibodv 
(1D12)  initially  selected  for  its  ability  to  immunoprecipitate  '  'I-toCgl'x-labeled  chan¬ 
nels  in  fact  binds  to  synaptotagmin.  Antibodies  from  patients  w'ith  LEMS,  an  autoim¬ 
mune  disease  in  which  neurotransmitter  release  is  defective,  also  bind  to  synaptotagmin 
Lhesc  findings  are  consistent  with  the  hypothesis  illustrated  in  Eigi  ri  2  and  suggest 
physical  interaction  between  .synaptotagmin  and  the  calcium  channel.  Other  proteins 
may  be  involved,  including  a  35  kD  polypeptide  (syntaxin,  p3  5),  w  hich  is  a  svnaptotag- 
min  and  N-typcchanncl-as.sociated  plasma  membrane  protein." ''  A.s.sociation  of  svnap- 
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tic  vesicle  proteins  with  calcium  channels  would  presumably  site  the  calcium  sensor 
protein(s)  that  trigger(s)  exocytosis  in  a  favorable  zone  rapidly  accessible  to  calcium 
transients.  Following  calcium-triggered  exocytosis  the  intravesicular  N-terminal  domain 
of  synaptotagmin  would  be  exposed  at  the  cell  surface  and  LEMS  antibodies  could 
then  bind  to  a  synaptotagmin-calcium  channel  complex. 
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The  omega-conotoxin  GVIA  receptor  (toCI'XR)  from  rat  torebrain  yields  five 
proteins  upon  purification.'  ^  The  subunit  composition  of  the  Cl  X-sensitive  N-type 
voltage-dependent  calcium  channel  (VDCC)  is  similar  to  the  I.-type  V'DCC.  of  skeletal 
muscle'  '*  and  brain.'  The  apparent  molecular  weights  of  the  associated  proteins  and 

'■  To  whom  all  correspondence  should  be  addressed 
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possible  identities  are:  240  kD  protein  ^tlphai);  140  kD  protein  (alpha.i);  110  kD 
protein;  70  kD  protein  (beta.);  and  58/60  kD  protein(s)  (betaO,  There  is  also  evidence 
of  an  unidentified  100  kD  protein  associated  with  the  neuronal  DHP  receptor.'  In 
addition  to  proteins  possibly  conserved  in  all  VDCC,  there  is  recent  evidence  that 
certain  proteins,  which  localize  to  synaptic  vesicle  and  plasma  membranes,  may  be 
associated  tightly  with  '’'I-labeled  CTX  binding  sites.  Anti-synaptotagmin"  and  anti- 
syntaxin  (HPC-l/synaptocanalin  1)  antibodies’" are  capable  of  immunoprecipitating 
solubilized  '”I-labeled  CTX  receptor,  indicating  an  association  with  a  crude  detergent- 
solubilized  (oCI'XR  preparation.  With  the  goal  of  defining  the  component  proteins 
tightly  associated  with  CoCTXR,  we  have  used  specific  antisera  to  determine  the  extent 
of  co-purification  of  the  CoCTXR  with  the  1 10  kD  protein,  synaptotagmin,  and  a 
novel  58  kD  protein. 


MATERIALS  AND  METHODS 

Monoclonal  antibodies  were  produced  in  SJL  mice,  immunized  with  partially  puri¬ 
fied  digitonin-solubilized  chick  brain  membrane  protein,”  and  hybridomas  were  gener¬ 
ated  and  screened  as  described.”’  A  monoclonal  hybridoma  cell  line  (mAb  9A7)  was 
established  by  two  successive  clonings  by  limiting  dilution  and  the  antibody  was  purified 
from  the  serum-free  culture  media  (SFM-101,  Nissui,  Tokyo)  of  the  hybridoma  cells 
by  ammonium  sulfate  precipitation.  The  isotype  of  the  immunoglobulin  was  Gl. 
Anti-58  kD  antibodies  from  rabbit  serum  were  affinity  purified  against  58  kD  protein 
transferred  to  PVDF,  eluted  with  8  ml  0.2  M  glycine,  pH  2.5.  and  immediately 
neutralized  by  the  addition  of  2  ml  100  mMTris,  pH  7.5,  and  1 2%  BSA.”  Purification 
of  thecoCTXR  wxs  according  to  published  methods,'  ’  which  include  negative  chroma¬ 
tography  followed  by  hydroxyapatite  chromatography  (HA).  The  peak  fractions  of 
the  HA  column  were  pooled  and  applied  .sequentially  to  succinylated  wheat  germ 
agglutin  (sWGA)-coupled  Sepharose  and  wheat  germ  agglutinin  (\VGA)-coupled 
Sepharose  and  eluted  with  0.5  M  N-acetylglucosamine  in  the  presence  of  asolectin  The 
radioligand  binding  assay  for  '’'I-labeled  CTX  was  according  to  published  methods  ’  '■* 


RESULTS  AND  CONCLUSIONS 

Monoclonal  antibody  mAh  9A7  immunoprecipitates  approximately  20%  of  '  '1- 
labclcd  CTX  binding  from  sucrose  gradient-purified  detergent  extracts  and  identifies 
a  100-1 10  kD  protein  predominant  in  brain  (Fig.  1).  However,  is  is  also  present  in 
non-neuronal  tissues,  although  detected  at  lower  amounts  (data  not  shown)  Western 
analysis  of  the  100-1 10  kD  protein  recognized  by  mAb  9A7  and  a  58  kD  protein 
recognized  by  affinity  purified  anii-58  kD  antibodies  indicates  that  both  proteins 
copurify  with  the  (OCTXR  throughout  purification  (Fig.  2).  Synaptotagmin  also  associ¬ 
ates  with  the  G)CrXR  throughout  purification  (Fig.  2,d);  however  the  fractionation 
of  synaptotagmin  does  not  parallel  the  recovery  of  '’’I-labeled  CTX  binding  sites. 
Unlike  the  1 10  kD  and  58  kD  proteins,  the  a.ssociation  of  synaptotagmin  with  the 
(ijCTXR  is  highly  dependent  upon  ionic  strengh  (data  not  shown) 
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FIGURE  2.  (a)  top;  (b)  bottom  Sec  page  ?9I  for  legend 
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FIGURE  2.  (c)  top:  (d)  bottom.  Sec  page  391  for  legend. 
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These  results  and  previous  studies  indicate  that  synaptotagmin,"  the  1 10  kD,  and 
58  kD  components  of  the  toCTXR  remain  associated  with  the  active  CoCTXR  by 
both  immunoprecipitation  (1 10  kD)  and  Western  analysis  of  the  purified  toCTXR 
The  tight  association  among  the  active  CoCTX  binding  site,  the  1 10  kD  protein,  and 
the  58  kD  proteins  suggests  a  functional  or  structural  complex  that  may  pre-exist  in 
native  neuronal  plasma  membranes  and  is  preserved  in  the  detergent-solubilized  and 
highly  purified  CoCTXR  preparation.  The  retention  of '^’1-labeled  CTX  binding  after 
the  dissociation  of  the  1 10  kD  protein  from  the  toCTXR  complex^  indicates  the  1 10 
kD  protein  is  not  required  for  an  active  (OCTXR  and  furthermore  may  have  a  cellular 
role  other  than  an  intrinsic  subunit  of  the  CTX-senstivie  VDCC. 
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FIGURE  2.  Co-fraaionation  of  100-110  kD  and  58  kD  throughout  purification  of  wCTXR 
Representative  fractions  obtained  throughout  the  purification  of  the  rat  brain  CTXR'  were  resolved 
on  a  4- 1 7%  gradient  gel  and  transferred  overnight  to  PVDF  membrane.  The  total  amount  of  specific 
['’'IjCTX  bound/sample  is  shown  in  (a).  The  PVDF  filters  were  probed  with  mAb  9A7  (1/10,000 
dilution),  (c)  affinity  purified  anti-58  kD  antiserum  (1/50  dilution)  and  (d)  anti-65  kD/synaptotagmin 
(mAb  1D12)  antibodies  (1/500  dilution).  Filters  incubated  with  mAb  9A7  and  anti-synaptotagmin 
were  developed  via  ECL;  anti-58  kD  reartivity  was  detected  with  alkaline  phosphatase  coupled  to 
goat  anti-rabbit  IgG. 


Irregular  Activity  in  the  Giant 
Neurons  from  Shaker  Mutants 
Suggests  that  the  Shaker  Locus 
May  Encode  Non-A-Type  K"*" 
Channel  Subunits  in  Drosophila 

M.  SAITO,  M.-L.  ZHAO,  AND  C.-F.  WU 
Department  of  Biology 
University  of  Iowa 
Iowa  City,  Iowa  52242 


A  gene  that  codes  for  a  K*  channel  protein  was  first  identified  in  Drosophila  as  a 
result  of  previous  studies  of  behavior  mutants  of  the  Shaker  (Sb)  locus.  Recent  molecular 
studies  show  that  the  Sb  gene  can  produce  multiple  transcripts  by  alternative  splicing.''' 
These  transcripts  have  been  expressed  in  Xenopus  oocytes  to  form  distinct  voltage- 
activated  K*  channels.  Some  transcripts  produce  typical  A-type  currents  (fast  inactivat¬ 
ing,  Ia)  and  others  produce  delayed  rectifier  type  currents  (slow  inactivating.  Ik)  * ' 

In  muscle,  Sh  mutations  aflfect  a  particular  type  of  K‘  current,  the  A-type  current. 
However,  molecular  heterogeneity  may  be  present  in  the  A-type  channels.  For  example. 
Ia  in  the  majority  of  neurons  is  independent  of  the  effect  of  Sh  mutations." '  Nevertheless 
immunohistochemical  staining  and  in  situ  hybridization  suggest  that  Sh  messages  are 
present  in  a  large  ponion  of  the  nervous  system  in  Drosophila. In  the  present  stud)-, 
we  examine  the  possibility  that  the  Sb  gene  products  can  participate  in  forming  not 
only  the  A-type  but  also  the  delayed  rectifier  type  of  K*  channels  in  the  nervous 
system. 

Whole-cell  voltage-clamp  and  current-clamp  experiments  are  performed  on  the 
cultured  giant  Drosophila  neurons  derived  from  cell-division  arre.sted  embryonic  neuro- 
bla-sts."'”  The  most  extensively  studied  allele.  Sh'^^'"  was  used  in  this  study.  Because 
the  site  of  mutation  is  localized  in  the  conserved  pore-forming  H5  region  in  all  Sh 
splicing  variants,'  the  mutation  should  affect  ail  neurons  expressing  Sh  gene  products. 
Voltage-activated  K*  currents  were  isolated,  and  the  degree  of  inactivation  was  com¬ 
pared  between  wild  type  and  SiA'*' "  (Fig.  1).  Interestingly,  we  observed  that  Sh  neurons 
tended  to  show  a  more  pronounced  inactivation.  A  degree  of  inactivation  less  than 
70%  was  not  found  in  Sh'^'''”  neurons,  but  was  not  uncommon  in  wild-tvpc  neurons 
(16%). 
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%  inactivation  (I) 

FIGURE  1.  neurons  show  more  pronounced  inactivation.  Outward  K'  current,  induced 

by  membrane  depolarization  to  -  10  mV',  was  isolated  as  differences  between  the  currents  attainable 
following  preconditioning  pulses  of  -  100  and  -20  mV.'"-’  Percent  of  inactivation  was  calculated 
(see  inset  for  an  example)  as  the  ratio  between  the  peak  (A)  and  the  amount  of  inactivation  (A-B) 
Note  that  a  degree  of  inactivation  less  than  70%  was  not  found  inSiA'^'"  neurons,  but  not  uncommon 
in  wild-type  neurons.  Open  bars:  wild-type  neurons.  Shaded  bars:  Na‘  and  Ca’’  influxes  were 

blocked  by  100  nM  TTX  and  100  pM  Cd’",  respectively.  Scale  bars:  80  pA,  SO  msec 


Since  voltage-activated  K*  currents  in  different  neurons  represent  mixtures  of  U 
and  Ik,  the  ratio  between  these  components  is  a  key  factor  in  determining  the  degree 
of  inactivation  of  the  total  K*  current.  A  reduced  Ik  component  in  comparison  to 
Ia  could  account  for  the  Sib-dependent  effeas;  all  Sb  neurons  studied  inactivated  more 
than  50%  (Fig.  1).  It  is  consistent  with  the  idea  that  some  Sh  gene  products  are  utilized 
to  form  delayed  rectifier  type  of  K*  channels  in  embryonic  neurons  observed  in  this 
study  (in  contrast  to  previous  reports  in  adult  and  prepupal  neurons.''  '■* 

(Complex  neuronal  activity  reflects  contributions  from  a  diversity  of  K'  channels. 
Under  voltage  clamp,  it  is  difficult  to  distinguish  and  isolate  SF-dependent  currents 
from  the  rest  of  K*  currents  because  of  overlap  in  the  biophysical  propenies.  However, 
current-clamp  experiments  may  be  more  effective  in  revealing  defects  in  Sib-dependent 
currents,  since  a  slight  imbalance  in  the  inward  and  outward  currents  may  result  in 
striking  changes  in  action  potential  shapes.  Voltage-responses  in  Sf''”’  neurons  (16%) 
showed  abnormalities  such  as  plateau  potentials  and  irregular  oscillations,  which  were 
not  seen  in  wild-type  neurons  (Fig.  2).  Interestingly,  similar  irregular  voltage-responses 
could  be  induced  in  wild-type  neurons  by  applying  blockers  (TEA)  of  the  delayed 
rectifier  K*  channels,  but  not  by  4-AP,  which  preferentially  blocks  Ia.'" 

Both  voltage- and  current-clamp  studies  reveal  that  a  subpopulation  (167o)  of  Sb''"'’"' 
neurons  showed  clear  deficiency.  Our  results  suggest  that  in  the  embryonic  giant 
neurons,  Sh  gene  products  can  be  utilized  to  form  non-A-type  K‘  :hannels.  Since 
the  same  mutation  disrupts  Ia  in  a  similar  percentage  of  neurons  in  the  pupal  .stage,'’ 
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all-or-none  graded  non-regen.  irregular 


FIGURE  2.  Irregular  elearical  activity  in  neurons.  Ai  and  Aj  show  sample  records  from 

wild-type  and  Sb'^'”  neurons,  respeaively.  (Ai)  Normal  ajl-or-none  action  potentials  observed  in  a 
wild-type  neuron.  (Aj)  Irregular  aaion  potentials  in  a  Sb^^'”  neuron.  Voltage-response  patterns  are 
classified  as  1  =  all-or-none;  2  =  graded;  and  5  =  non-regenerative.  (For  details,  see  refs,  1 1  and  12) 
Irregular  responses  were  seen  only  in  Sb^^‘"  neurons (16%  or  6/57,  **),  but  not  in  wild-type  neurons 
(*).  Open  bars:  wild-type  neurons,  shaded  bars:  Sb'^^'”. 


it  is  possible  that  Sb  splicing  products  can  be  regulated  differently  at  the  embryonic 
and  pupal  stages. 
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Single-Channel  Recordings  of  an 
ATP-Sensitive  K  Channel  in  Rat 
Cultured  Cortical  Neurons 


T.  OHNO-SHOSAKU  AND  C.  YAMAMOTO 
Department  of  Physiology 
Faculty  of  Mediane 
Kanazawa  University 
Kanazawa  920,  Japan 


The  presence  of  ATP-sensitive  K*  (Kaip)  channels  in  the  central  nervous  system 
has  been  demonstrated  by  electrophysiological  studies  and  radioligand  binding  studies 
with  specific  K.mp  channel  inhibitors.'  There  are  several  reports  on  properties  of  single 
Kaip  channels  in  the  nervous  tissue  and  most  of  them  have  indicated  that  Kmp  channels 
in  central  neurons  are  quite  different  in  propenies  from  the  “classical”  Katp  channels 
originally  found  in  pancreatic  3  cells  and  cardiac  muscle  cells. ^  In  this  study,  we 
demonstrate  that  rat  conical  neurons  have  a  Kaip  channel  quite  similar  to  that  in 
pancreatic  P  cells. 

Primary  cultures  were  prepared  from  the  conex  of  I  -  to  5-day-old  neonatal  rats, 
and  the  inside-out,  outside-out,  and  whole-cell  configurations  of  the  patch-clamp  tech¬ 
nique  were  applied  to  the  cultured  cells  4-12  days  after  seeding.  Figure  1  shows  an 
example  of  single-channel  recordings  from  inside-out  patches  containing  ATP-sensitive 
channels  and  current-voltage  relationships  of  these  channels  under  two  different  ionic 
conditions.  As  shown  in  Figure  1(A).  the  channel  with  a  single-channel  conductance 
of  65  pS  (in  145  mM/145  mM  K*)  was  completely  inhibited  by  application  of  0.2- 
1  mM  ATP  to  the  cytoplasmic  surface  of  the  inside-out  patch.  The  current-voltage 
relationships  of  the  ATP-sensitive  channel  indicated  that  the  channel  is  a  K* -selective 
channel,  namely,  a  Kaip  channel.  The  Kaip  channel  was  inhibited  by  a  Kaip  channel 
inhibitor,  tolbutamide  (0.5  mM),  and  activated  by  a  K.vip  channel  activator,  diazoxide 
(0.5  mM),  when  these  drugs  were  applied  to  the  extracellular  surface  of  outside-out 
patches  (Fig.  2, A).  These  properties  are  quite  similar  to  those  of  the  Kaip  channel  in 
pancreatic  P  cells.  In  whole-cell  recordings,  effects  of  these  drugs  on  the  membrane 
potential  and  the  conductance  were  examined.  Extracellular  application  of  0.5  mM 
diazoxide  induced  a  pronounced  hyperpolarization  (Fig.  2,B)  concomitant  with  an 
increase  in  membrane  conductance,  whereas  0.5  mM  tolbutamide  evoked  a  depolariza¬ 
tion  concomitant  with  a  decrease  in  conductance.  The  number  of  Kaip  channels 
per  neuron  was  roughly  estimated  from  the  data  obtained  in  the  whole-cell  and  the 
single-channel  recordings,  on  the  as.sumptions  that  all  the  overall  tolbutamide-  and 
diazoxide-sensitive  K'  conductance  onpnated  from  the  Kaip  channel  characterized 
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FIGURE  1.  Blocking  effects  of  cytoplasmic  ATP  on  K  ■  channels  and  the  current-voltage  relationships 
obtained  with  inside-out  patches.  <A)  The  pipette  was  filled  with  a  high-K‘  solution  containing  (mM) 
14.3  KCl,  1  MgCl),  2  CaCb,  and  10  HEPES/NaOH  (pH  7.5),  and  the  bath  solution  was  a  high-K' ' 
low-Ca’‘  solution  containing  125  KCl,  1  MgCl;,  1  CaCl,-,  20  KOH,  10  HEPES,  and  5  EGTA 
(pH  7.3)  with  or  without  0,2-1  mM  ATP.  The  membrane  potential  was  clamped  at  -  50  m\'  (B) 
The  pipette  contained  the  high-K‘  solution  {open  circles)  or  a  normal  solution  containing  140  NaCl. 
5  KCl,  1  MgCl;,  2,  CaCl;,  10  HEPES/NaOH,  10  glucose,  and  1  pM  tetrodotoxin  (pH  7  3)  The 
slope  conductances  were  65  pS  (open  circles)  and  26  pS  (closed  circles)  The  lines  were  fitted  bv  eve 

here,  and  that  the  open  probability  of  the  channel  is  100%  in  the  presence  of  diazoxide 
and  0%  in  the  presence  of  tolbutamide.  The  estimated  number  of  Kmp  channels 
ranged  between  20  and  1  50  per  neuron.  If  neurites  or  presynaptic  terminals  also 
contain  Kaip  channels,  a  real  number  of  Kaip  channels  per  neuron  will  be  higher  than 
the  estimated  number. 
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FIGURE  2.  Effects  of  tolbutamide  and  diazoxide  on  a  single  K  vir  channel  in  an  outside-out  patch 
(A)  and  on  the  membrane  potential  of  a  cortical  neuron  (B)  The  pipette  solution  w  as  the  high-K '  / 
low-Ca’’  solution,  and  the  bath  contained  the  high-K  ‘  solution  with  or  w  ithout  0.  5  mM  tolbutamide 
or  0  5  mM  diazoxide  (A)  fhe  membrane  potential  was  clamped  at  -  50  mV  (B)  fhe  membrane 
potential  was  measured  at  the  current-clamp  mode  with  the  whole-cell  configuration 
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Under  the  wh  ''e-cell  patch  clamp  condition,  local  flow  of  a  solution  (identical  to 
the  bathing  solution;  from  a  micropipette  to  a  cell  (Fig.  1),  but  not  other  mechanical 
stimuli,  produced  a  non-inactivating  outward  (in  H  cells  out  of  141)  or  inward  (in 
70  cells)  current  (Inouo  or  respectively)  depending  on  the  cell  (Fig.  2,Aa  and  Ba). 


FIGURE  1.  The  local  solution  flow  device  (A)  and  the  rate  of  changes  in  membrane  current  produced 
by  local  flow  of  a  high  K'  (20  mM)  solution  (B).  The  tip  of  the  micropipettc  (Aa)  was  opened  or 
closed  by  pulling  or  pushing  a  rod  with  an  oil-operated  micromanipulator  (Ah)  ’ 
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Both  l«„ui)  and  I|„n)  appeared  at  voltages  more  fwsitive  than  -60  mV  (Fig.  2, Ah  and 
Bb).  accompanied  by  increases  and  decreases,  respectively,  in  membrane  conductance 
and  current  relaxation  (Fig.  2,Ac  and  Be)  to  a  voltage  jump  between  -  30  mV  and 
-55  mV  without  a  change  in  its  time  constant  (whose  value  was  similar  to  that  of 
a  voltage-dependent  non-inaaivatingK*  current  known  as  Im'),  reversed  at  a  membrane 
potential  close  to  the  equilibrium  potential  for  K*,  and  blocked  by  Ba’*  (4-8  mM), 
and  muscarine  (10  (iM:  the  latter  produced  either  an  “apparent  inward"  or  outward 
current).  ^  Thus  l((„ur)  and  are  generated  by  the  activation  and  inhibition,  respectively, 
of  I.M  by  the  local  flow  of  solution.  Although  current  responses  were  not  seen,  the 
mechanical  effects  took  place  even  at  -  70  mV,  as  Ifcu,,  or  appeared  on  shifting 
membrane  potential  to  -  30  mV  immediately  after  the  local  flow.’  A  transient  outward 
current  activated  by  a  voltage  jump  from  -  85  mV  (or  -  75  mV)  to  -  30  mV’  was 
little  affected  by  local  flow  of  a  solution  that  produced  l|(„u,|  or  !«,„).  Since  negative 
pressure  to,  or  the  lateral,  forward,  or  backward  movement  of,  a  recording  patch 
pipette  affected  little  the  membrane  current  of  a  gan^ion  cell,  it  seems  that  l,,„u,i  and 
Ik(„)  were  produced  as  a  result  of  the  flow-induced  shear  stress  to  the  cell  membrane. 

Although  the  physiological  functions  of  Isowi  and  are  not  known  in  sympathetic 
ganglion  cells,  they  seem  to  play,  in  general,  some  roles  in  the  regulation  and  modulation 
of  the  neuronal  membrane  excitability  under  a  variety  of  mechanical  stresses  during 
development  and  plastic  activities. 


FIGURE  2.  (A)  and  b,„i  (B)  (Aa  and  Ba)  Membrane  currents  and  voltages  before,  during,  and 

after  the  local  flow  of  Ringer  Hyperpolarizing  voltage  pulses  (700  msec)  of  constant  (20  mV)  or 
various  (10-65  mV)  amplitudes  were  applied  throughout  the  records  (Ab  and  Bb)  Current/voltage 
relationships  before  and  during  a  solution  flow  (Ac  and  Be)  Current  responses  to  a  hvperpolariring 
voltage  pulse  before  and  during  a  solution  flow. 
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The  slow  potassium  channel  induced  bv  the  Ek  protein  is  unique  in  both  structural 
and  functional  aspects. '  The  Ek  proteins  have  only  1 29  or  130  amino  acid  tpsidues  with 
a  single  transmembrane  segment  (Fig,  I, A)  that  is  highly  conserved  among  species 
Although  its  structure  is  very  simple  and  differs  completely  from  that  of  other  known 
ion  channel  proteins,  the  slow  K  channel  po.sse.sses  all  properties  of  the  \  oltage-gated 
K'^  channel.  The  structure-function  relatiomship  of  this  channel  has  been  studied  using 
site-directed  mutagenesis.  "  In  an  earlier  paper,  we  observed  that  a  verv  conservative 
neutral  substitution  from  leucine  (Leu'‘)  to  isoleucine  (L52I)  in  the  transmembrane 


FIGURE  1.  Mutational  changes  in  the  slow  K  channel  activaiion  (A)  The  primars  structure  of 
the  transmembrane  segment  ot  the  wild  I,k  protein  and  the  mutants  Single-letter  code  is  used  No 
net  charge  exists  in  the  segment  I.eu'  <wild-ty[K’.  WO  was  replaced  bv  either  He  (I.Sifl)  or  .\la 
(l.t2A)  through  site-directed  mutagenesis  (B)  (iurrent  records  from  Xmopus  oocvtes  in|ected  with 
the  mRNA  synthesized  in  mtro  from  a  wild  type  cDNA  or  a  mutant  cDN,\  Whole  oocste  currents 
elicited  by  1 4  sec  depolarizing  pulses  (from  -  20  mV  to  +  60  m\')  were  recorded  at  2  1  "Ci  (  urrents 
did  not  reach  steady-states  during  1 4  sec  pulses  Hie  holding  potential  was  -  70  m\  I  wo  niicroelec- 
triale  voltage  clamp  studies  were  performed  in  NI)V6  solution  (Na(!l  V6  m.M,  K(d  2  m.M, 

I  8  mM.  .MgCT’  I  niM,  HEPKS  S  mM,  pH  7  4)  under  perfusion  IXfolliculation  \s.ls  ilone  |ust 
prior  to  the  electrophysiological  experiment  pGlanip  was  used  for  applying  the  soltage  comimiiul. 
for  the  sampling  and  the  data  analysis  Leakage  currents  were  subtracted 
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segment  brought  about  apparently  faster  activation.'  In  the  present  study,  shifts  of 
the  voltage-dependent  activation  curve  were  observed  in  U2l  and  L.?2A  mutants  in 
the  opposite  direction. 

Figure  1  (B)  shows  the  difference  of  activation  time  course  between  the  I..?  2 1  channel 
and  the  wild  type  or  the  L.f  2  A.  To  sec  the  underlying  effects  of  the  mutation  quantita¬ 
tive  kinetic  analyses  were  performed.  In  Figure  2,  two  time  constants  (A)  and  the 
relative  contribution  of  the  fast  component  in  the  current  amplitude  (B)  are  shown 
as  a  function  of  voltages.  Both  mutations  did  not  induce  marked  changes  in  both  fast 
and  slow  time  constants.  The  most  prominent  difference  was  a  contribution  of  the 
fast  component:  At  less  depolarized  potentials  the  fast  component  was  negligible  in 
the  wild  type  and  the  L.?2A  channel,  whereas  a  considerable  contribution  of  the  fast 
component  was  found  in  the  L521  channel  even  at  0  m\’.  Figure  2(C)  shows  the 
voltage-dependent  activation  for  the  sum  of  the  two  components.  The  activation  cune 
was  shifted  to  the  left  (more  negative  potentials)  for  the  L521  mutant,  svhereas  the 
right  shift  was  observed  for  the  L52A  mutant.  The  effect  of  the  mutations  on  the 
gating  charge  was  not  obvious  in  both  mutants. 

An  isomeric  substitution  (from  Leu  to  lie),  where  the  location  of  a  methyl  group 
is  shifted  only  for  a  distance  of  the  C-C  bond,  induced  marked  alterations  in  both 
the  gating  kinetics  and  the  activation  curve,  whereas  a  relatively  large  volume  change 
in  the  sidechain  (from  Leu  166.7  A'  to  Ala  88.6  A')  induced  a  change  only  in  the 
activation  curve.  There  is  no  simple  interpretation  for  these  effects  of  the  mutations. 


FIGURE  2.  Kinetic  parameters  and  activation  curves  of  the  slow  K  channels  All  current  traces 
could  be  fitted  by  the  double-exponential  function  as  l(t)  =  +  A,  exp|-i/T,|  +  A.  exp|  - 1  T.j 

at  least  during  14  sec  pulses.  Different  symbols  represent  the  wild  type  (.anies).  l.t’I  {injngks).  ,ind 
L.t2A  (squares)  Data  are  shown  as  mean  ±  SE  Number  of  the  experiments  ssere  I  s  for  the  \s  ild 
type.  18  for  L.t21,  and  7  for  L,t2A.  (A)  Fast  (T,.  open  symbols)  and  slow  (t,.  dosed  symbols)  time 
constants  for  the  wild  type  and  the  mutants  as  a  function  of  voltages  \'olt.ige  dependency  of  the 
T,  was  not  notable  The  T,  of  the  l.f2I  channel  showed  significantly  higher  value  at  20  m\'  1  here 
is  no  statistical  significance  for  the  difference  oft,  between  the  wild  t\pe  and  the  1,7  2, A  mutant  fhe 
Ti  became  shorter  with  increasing  the  voltage  in  both  the  w  ild  tvpe  and  the  mutants  There  is  no 
statistical  significance  for  the  difference  lietween  the  wdd  type  and  cither  mutant  (B)  I  he  relative 
contribution  of  the  fast  component  (A,)  to  the  sum  of  both  fast  and  slow  components  .\s  the  \  oltage 
became  less  positive  the  relative  contribution  of  the  Ikst  com[Minent  for  the  w  ild  tvpe  and  the  l  .s’.A 
channel  decreased  more  prominently  than  that  of  the  1,721.  I'here  is  no  statistical  difference  betw  een 
the  wild  type  and  the  l,.72A  At  -20  mV'  and  0  mV  ths  data  points  for  the  1,721  mutant  are 
significantly  different  from  those  of  the  wild  type  (C)  Voltage-dependent  activ  ation  curs  cs  Norm.ili/ed 
chord  conductances  (77)  were  calculated  for  the  sum  of  the  two  components  bv  (.4,  +  A,)/(V’  -  Ek). 
where  is  the  equilibrium  potential  for  prJtassium  Even  if  the  current  sloes  not  reach  the  steasls  state 
in  this  time  range,  the  equation  would  have  the  physical  basis  ansi  may  represent  a  com[x)site  function 
of  rate  constants  in  the  panial  state  diagram  around  the  initial  activating  process  .At  0  m\  the  data 
points  for  both  mutant  channels  are  significantly  different  from  those  of  the  w  ild  type  Actis  ation 
curves  were  fitted  by  the  Bolt/mann  distribution;  G  =  G„,„  /  (I  +  expla  r  fV'  -  V,  f/FT]).  in 
which  2  is  the  effective  valence,  e  the  elementary  charge,  k  the  Bolt?mann  constant.  T  the  absolute 
temperature  and  Vi  ,  the  half  aaivation  voltage  For  the  wild  type  G,„„  is  17  |iS.  2  is  1  .1,  suid  V, 
is  -  14  mV.  For  the  E72E  2  is  fixed  as  1  3  because  of  the  lack  of  [xiints  at  more  negative  [xitenti.ils 
rhus,  the  V,;;  value  (-  39  mV)  Ls  not  very  accurate  G.„„  is  1 1  pS  For  the  1.72A,  G„,„.  a  ,uisi  V  • 
arc  9  pS.  2  1,  and.  0  2  mV.  respectively 
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Af/(AH-Aa)  Time  constant  (ms) 
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Neutral  substitutions  introduced  in  other  ion  channels  resulted  in  altered  gating  behav¬ 
ior.’'^  The  mechanism  has  been  assigned  to  a  hydrophobic  interaction,  such  as  leucine 
zipper"  (the  sequence  of  the  leucine  zipper  interaction  is  Leu  >  lie  >  Ala)  or  just 
volumetric  exclusion'^  (Leu  =  He  >  Ala).  Neither  of  them  can  explain  our  results. 
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Ca^'*' -Activated  K  Channel  in  Vas 
Deferens  Smooth  Muscle  Cells 
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Ca^* -activated  K  channels  were  observed  in  many  smooth  muscle  cells'"’  and  these 
channels  were  demonstrated  to  be  dominant  K  channels  for  the  physiological  functions 
in  guinea  pig  vas  deferens  smooth  muscle  cells."'  Ca^‘ -activated  K  channels  usually 


FIGURE  1 .  Effects  of  membrane  potential  on  an  open  probability  (P„p,„)  at  a  different  |Ca’  ‘  ],  during 
single  event  activity.  The  solid  line  is  obtained  by  fitting  the  data  points  with  the  following  equation: 


AV) 


^(v-s, 


8=1^1 


where  as  are  0.085,  0.093,  and  0  105  and  (}s  (in  mV)  arc  42  1,  14.6,  and  -42.6  at  |Ca’'|,  of  I 
X  \0~\  2  X  10  and  2.3  x  10  '  M,  respcaively. 
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have  sensitivities  to  a  membrane  potential  and  ICa^*),.'*  ’The  single-channel  prop>erties 
of  this  channel  is  the  main  interest  in  the  present  paper. 

The  single-channel  activity  was  analyzed  with  the  inside-out  patch  clamp  method. 
The  solutions  used  in  the  experiments  contained  (in  mM)  1 19  NaCl,  30  KCl,  2.3 
CaCU,  1 .2  MgCl2,  5.8  KHCO),  5.8  HEPES,  and  1 1.7  ^ucose  for  the  external  solution 
and  145.7  KCl,  1 .4  MgCl2,  5.2  HEPES,  and  1  EGTA  for  the  internal  solution.  The 
free  Ca^*  concentration  in  the  internal  solution  was  calculated  using  the  standard 
method.  We  could  not  obtain  a  pure  single-channel  patch,  but  obtained  some  patches 
containing  two  channels  that  behaved  as  a  single  channel.  We  analyzed  only  the  single 
event  activities  in  these  patches.  Single-channel  recording  were  analyzed  by  pClamp 
(Version  5.15,  Axon  Instruments,  Inc.). 

Ca^  ^-activated  K  channels  in  the  cells  were  highly  sensitive  to  the  potassium  concen¬ 
tration  of  both  sides  of  the  membrane  and  the  reversal  potentials  in  I-V  relation  were 
well  within  the  £k  values  calculated  from  Goldman’s  equation.  The  single-channel 
I-V'  relation  did  not  change  when  (Ca^*),  was  changed  and  the  single-channel  conduc¬ 
tance  was  approximately  90  pS. 

Open  probabilities  (Popcn)  as  a  function  of  membrane  potential  at  three  different 
[Ca^*],  are  plotted  in  Figure  1.  The  experimental  data  were  fitted  by  Boltzmann's 
distribution  function  and  the  V1/2,  which  is  the  membrane  potential  where  P„pcn  was 
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FIGURE  2.  The  open  time  histogram  (kfi)  and  closed  time  histogram  {ngbt)  T,  and  T.,  show  the 
time  constants  of  two  exponential  distribution  of  open  and  closed  times  The  open  time  distribution 
was  analyzed  between  0  and  100  msec  with  a  2  msec  bin  and  the  closed  time  distributions  for  2 
X  10  ’  M  Ca^'  and  for  2.3  x  10"’  M  were  analyzed  between  0  and  180  msec  and  between  0  and 
2J  msec,  respectively,  with  a  1  msec  bin 
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half  maximal,  was  a  linear  function  of  ln[Ca-*],,  An  apparent  Hill  coefficient  in  the 
relation  of  P„pc„  versus  [Ca’'],  could  be  reduced  from  the  P„p^.„  -V  relation.  A  .slope 
of  V|/2 -ln[Ca^*],  relation  was  around  8,  showing  a  marked  dependency  of  P„p.„  on 

[Ca^1,. 

Both  the  open  and  the  closed  time  histograms  consist  of  two  exponential  compo¬ 
nents.  In  the  open  histogram,  the  time  constant  Ti  of  the  fast  component,  which  was 
a  major  component,  increased  markedly  but  the  time  constant  X;  of  the  slow  component 
increased  a  little,  when  the  membrane  was  depolarized  and  (Ca’*),  was  increased  In 
the  closed  time  histogram,  the  time  constant  t.  decreased  when  |Ca’*],  was  increased 
but  T2  was  not  affected  significantly  by  iCa’*],. 


REFERENCES 

1.  Inoue,  R  ,  K.  Okabe,  K.  Kitamcra  &  H.  K'.riya.ma  1986  Pfliig  Arch  406:  n8-l4.L 

2.  Kcme,  H  ,  K.  Takagi,  T  Satake,  H.  Tokuno  &  T  To.mita  1990  J  Physiol  (Lond  )  424: 

445-457. 

3.  Benham,  C.  D.,  T.  B  Bolton,  R.J.  Lang  &  T  Takewakj.  I986  J  Phvsiol  (Lond.)  371:  45- 

67. 

4  Morimoto,  K  ,  F.  Kckita  &  S.  Yamagishi.  (In  preparation) 

5,  Barrett,  J.  N.,  K.  L.  Magleby  &  B.  S  Pallotta.  1982.J  Phvsiol  (Lond)  5  5  1:2  1  1-2  30 


Action  and  Binding  of  Calcium 
Channel  Blockers  on  the  Putative 
Calcium  Channel  of  Synaptosomal 
Plasma  Membrane  from  the 
Electric  Organ  of  Narke  japonica 

HIROSHI  TOKUMARU,  CHEN-YUEH  WANG, 
NAOHIDE  HIRASHIMA,  TOMOHIRO  O’HORl, 
HARUHIKO  YAMAMOTO.-  AND  YUTAKA  KIRINO* 

Faculty  of  Pharmaceutical  Sciences. 

Kyushu  University 
Maidashi  S-chome 
Higashi-ku,  Fukuoka  812,  Japan 


^Faculty  of  Science 
Kanagawa  University 
Tsuchiya,  Hiratsuka  259-12.  Japan 


Voltage-dependent  Ca  channels  control  Ca’  ‘  influx  to  the  presynaptic  nerve  termi¬ 
nal  and  the  neurotransmitter  is  released.  However,  characterization  and  identification 
of  Ca  channel(s)  need  funher  work.  Synaptosomes  isolated  from  the  electric  organ 
of  electric  rays  consist  of  cholinergic  nerve  terminals  and  are  free  from  postsynaptic 
membranes,  characteristics  which  make  this  preparation  most  suitable  for  pharmacolog¬ 
ical  and  biochemical  characterizations  of  calcium  channels  of  presynaptic  terminal 
membranes. 

We  prepared  synaptosomes  from  ajapanese  electric  ray  (Narke japonica).  Acetylcho¬ 
line  (ACh)  released  from  these  synaptosomes  depolarized  with  a  high  concentration 
of  potassium  ions  was  measured  using  a  chemiluminescence  method.'  Addition  of  20 
(J.M  (o-conotoxin  GVIA  ((O-CgTX),  known  to  be  a  blocker  for  N-type  Ca  channels, 
almost  completely  inhibited  the  evoked  release  of  ACh.  The  concentration  required 
for  50%  inhibition  (IC™)  was  7  nM,  a  value  close  to  that  (8  ^M)  for  the  intrasynapto- 
somal  Ca^'  increase  measured  with  Fura-2.'  This  means  that  inhibition  of  the  release 
of  ACh  is  the  result  of  a  blockade  of  the  influx  of  Ca^  ‘ .  Assay  using  a  radioiodinated 
toxin  derivative  revealed  a  single-type  binding  site  with  a  dissociation  constant  of  8 
|iM,  again  close  to  the  ICm  values  above.  Autoradiography  with  SDS-PAGE  analysis 
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after  covalent  cross-linking  of  the  labeled  toxin,  using  disuccinimidyl  suberate,  revealed 
the  1 70  kD  peptide  to  be  an  C0-CgT7f  receptor. 

Contrary  to  previous  reports,'-’  dihydropy ridines  (DHPs)  known  to  block  L-type  Ca 
channels  also  inhibited  (in  the  micromolar  range)  ACh  release  from  the  synaptosomes. 
Addition  of  10  (iM  S-12967  completely  inhibited  ACh  release— the  inhibition- 
concentration  relationship  is  shown  in  Figure  1.  IC(o  values  for  S-12967  and  for 
other  DHPs  are  shown  in  Table  1 .  Assay  of  a  DHP  binding  to  synaptosomal  plasma 
membrane  using  [’HJPN  200-1 10  revealed  a  specific  binding  site  with  =  3  pM 
and  Bmax  =  147  pmol/mg  protein. 

The  present  finding  that  (o-CgTX  or  a  DHP  inhibits  almost  completely  the  release 
of  ACh  indicates  that  these  two  types  of  Ca  channel  blockers  act  on  the  same  and 
sin^e  type  of  Ca  channel  through  which  Ca'*  enters  the  nerve  terminal.  Similarity 


a 


FIGURE  1.  Inhibition  with  water-soluble  DHP.  (  +  )-S-12567  of  ACh  release  from  svnaptosomes. 
as  evoked  by  depolarization  with  a  high  concentration  of  K'  ion  following  10  min  preincubation 
with  or  without  the  Ca  channel  blocker  The  concentration  (in  (iM)  of  the  blocker  is  (a).  0:  (b) 
0.5;  (c)  1 ;  (d)  5;  (e)  10.  The  released  ACh  was  determined  continuously  using  the  chemiluminescence 
method.  At  the  time  indicated  by  the  arrow,  the  concentration  of  KCI  had  increased  from  .1  mM 
to  40  mM  by  injection  of  10  nl  of  1  M  KCI  into  250  ill  of  synaptosomal  suspension  (200  pg 
protein/ml)  present  in  physiological  medium  consisting  of  280  mM  NaCI,  3  mM  KCI,  1.8  m.M 
MgClj,  3  .4  mM  CaClj,  5.5  mM  glucose.  50  mM  urea,  400  mM  sucrose,  40  mM  HEPES-Na  (pH 
7.4),  and  chemiluminescence  agents  (20  U/ml  choline  oxida.se,  6  pg/ml  peroxidase,  50  pM  luminol) 
The  sharp  peak  at  the  beginning  is  an  artifact  related  to  injection  of  the  stimulant 
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Table  1.  Characteristics  of  Ca  Channel  Blockers  for  Inhibition  of  Evoked 
ACh  Release  from  Synaptosomes  and  for  Their  Binding  to  Synaptosomal 
Plasma  Membranes" 


Ca  Channel  Blocker 

1C.„‘  (flM) 

K.I  (uM) 

Bmu  (pmol/mg  protein) 

co-CgTX 

7 

8 

200 

DHPs 

PN  200-110 

2.6 

147 

Nicardipine'’ 

8 

(  +  )-S- 12967’ 

2 

(-)-S-12968' 

2 

'  Binding  assay  of  Ca  channel  blockers  was  done  using  |'’‘I|-labeled  co-CgTX  or  f  H|PN  200-1 10  The 
binding  of  the  labeled  blocker  to  synaptosomal  plasma  membranes  was  measured  using  a  rapid  filtration 
method  and  a  glass-fiber  filter  The  difference  berween  bindings  observed  in  the  absence  or  presence  of 
excess  amounts  of  the  non-labeled  compound  ((  +  )-‘^-l2967  for  I'HIPN  200-1 10)  was  taken  as  specific 
binding.  Dissociation  constant  (ffj)  and  maximum  binding  capacity  (Bm„)  was  obtained  from  Scatchard 
plots 

*  From  Yamanouchi  Pharmaceutical  Co.,  Tokyo,  Japan 
'  From  Institut  de  Recherches  Internationales  Servier,  Courbevoie,  France. 


in  the  density  of  receptors  of  the  two  types  of  Ca  channel  blockers  may  suppon  this 
notion.  The  Ca  channel  probably  contains  a  subunit  of  the  170  kD  peptide  with 
(0-CgTX  binding  sitefs). 
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Hyperpolarization-activated  inward  current  (1()  Is  one  of  the  inward  currents  contrib¬ 
uting  to  membrane  depolarization  to  threshold  during  diastole.  Young  embryonic 
chick  ventricular  myocytes  also  exhibit  spontaneous  activity,  which  generates  slow- 
rising  action  potentials.  In  embryonic  chick  ventricular  myocytes,  whole-cell  voltage- 
clamp  experiments  were  performed  to  examine  modulation  of  the  If.  Long-duration 
0  sec)  hyperpolarizing  pulses  were  applied  from  holding  potential  of  -  30  mV  to 
steps  of  -40  to  -  120  mV.  IntraceUular  Ca^*  concentration  was  chosen  to  give  a 
pCa  of  7  to  facilitate  the  If  amplitude,  according  to  an  equation,  k  was  marked  in 
3-day-old  cells,  diminished  at  10  days,  and  almost  completely  gone  at  17  days  (Fig. 
l.A-C).  The  If  current  density  (at  -  120  mV)  was  -6.8  ±  1.2  pA/pF  (n  =  23)  in 
3-day-old  cells,  -3.1  ±  1.1  pA/pF  (n  =  17)  in  10-day  cells,  and  -2.2  ±  0.7  pA/ 
pF  (n  =  12)  in  1 7-day  cells  (Fig.  1  ,D).  The  reduction  of  k  paralleled  the  decrease  in 
spontaneous  activity.  The  voltage  of  the  half-aaivation  (measured  from  the  tail  currents) 
was  -92.0  ±  2.4  mV  (n  =  3)  in  3-day  cells,  and  was  -87.2  ±  2.1  mV  (n  =  3) 
in  10-day  cells.  In  3-day-old  cells,  the  threshold  potential  (V,h)  was  -  50  to  -60  mV', 
and  rhe  reversal  potential  was  -  1  3.4  ±  1.3  mV  (n  =  3).  The  amplitude  of  k  was 
enhanced  by  12.1  ±  1.8%  (at  -  120  mV)  at  30°C  compared  with  20°C.  The  time 
course  of  activation  was  also  temperature  dependent,  and  was  fitted  by  a  single  exponen¬ 
tial;  T  was  1.3  ±  0.4  sec  at  20°C  and  was  0.7  ±  0,4  sec  at  lO^C.  Cs‘  (3  mM) 
completely  blocked  k  and  had  a  negative  chronotropic  effect.  The  rate  of  spontaneous 
action  potentials  (with  less  than  -  60  mV  of  the  maximum  diastolic  potential)  was 
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FIGURE  I.  Developmental  change  in  the  hyperpolarization-activated  inward  current  (I,)  in  young 
embiyonic  chick  ventricular  cells.  Test  pulses  were  applied  between  -40  to  -  120  mV,  in  10  mV 
increments,  from  a  holding  potential  of  -  50  mV.  Then,  the  pulses  were  constantly  stepped  to  +  20 
mV  to  measure  the  tail  current.  (A)  Presence  of  large  h  in  a  5-day-old  cell  (B)  Smaller  1,  in  a  1 0-day-old 
cell.  (C)  Absence  of  h  in  a  17-day-old  cell.  (D)  Current-voltage  relationships  for  h  current  density 
in  the  three  developmental  stages.  Symbols  used  are:  5-day  (opm  circles).  1 0-day  {triangles),  and  1 7-day- 
old  cells  (squares).  The  values  are  plotted  as  mean  ±  SEM.  Ihe  capacitances  were  12  7  ±  2  0  pF 
(n  =  17)  in  5-day  cells,  9.9  ±  2.1  pF  (n  =  14)  in  10-day  cells,  and  8.5  ±  2.6  pF  (n  =  14)  in 
17-day-old  cells.  External  solution  included  5  mM  BaCl;,  10  pM  TTX,  and  5  mM  CdCl;  The 
short  line  at  the  left  of  the  current  records  in  A-C  represents  the  zero  current  level. 


decreased  by  60.9  ±  3.4%.  Therefore,  the  If  current  may  not  be  a  major  contributor 
to  the  pacemaker  potential. 

Isoprenaline  (ISO;  1  /iM)  caused  a  positive  chronotropic  effect  (17.1  ±  2.9%,  n 
=  5)  and  increased  If  by  65.2  ±  5.6%  (at  -  120  mV;  n  =  7).  This  agonist  also 
re-started  automaticity  in  Cs*-induced  quiescent  preparations.  Carbachol  (CCh;  0. 1 
fiM)  had  a  negative  chronotropic  effect  (26.3  ±  3.4%,  n  -  5),  and  decreased  I,  by 
41.2  ±  1.3%  (at  -  120  mV;  n  =  7).  x  at  -  1 20  mV  was  reduced  to  1.0  ±  0.2  sec 
(n  =  5)  by  ISO,  and  increased  to  1.5  ±  0.4  sec  (n  =  3)  by  CCh.  CCh  (0.1  pM) 
also  reversed  the  enhancement  of  h  produced  by  ISO  (n  =  3).  Intracellular  application 
of  100  nM  GTP-yS  (non-hydrolyzable  GTP  analogue)  decreased  basal  b  by  35.2  ± 
5.0%  (n  =  17),  but  potentiated  the  stimulant  effect  of  1  pM  ISO  (by  3  7.8  ±  4.7%, 
n  =  9)  and  the  inhibitory  effect  of  0.1  nM  CCh  (21.2  +  4.3%,  n  =  9)  (Fig.  2,  A 
and  B).  Effects  of  ISO  and  CCh  on  If  were  potentiated  further  by  GTP-yS.  It  is  likely 
that  direct  G-protein  pathways  connect  both  muscarinic  and  jJ-adrenergic  receptors 
to  If  channels  In  young  (3-  to  5-day-old)  embryonic  chick  hearts,  cAMP  level  is  very 
high,  whereas  cGMP  level  is  very  low.  The  present  results  suggest  that  young  embry¬ 
onic  cells  possess  high  sensitivity  to  muscarinic  receptors,  even  though  the  3 -day-old 
heart  is  not  yet  innervated  by  parasympathetic  nerve.  G-proteins  inhibitory  to  b  were 
dominant  over  stimulatory  G-proteins  in  young  embryonic  chick  heart.  The  known 
dominance  of  the  vagal  effect  may  also  be  reflected  by  the  dominance  of  the  inhibitory 
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FIGURE  2.  Modulation  of  GTP-yS  on  I,  current  in  the  presence  ot  isoprenaline  and  carbachol 
(A)  Percentage  changes  In  [,  in  a  J-day-old  cell  as  a  function  of  time  Test  pul.ses  were  applied  to 
-  120  mV  from  the  holding  potential  of  -  30  mV  Control  (open  anles).  GTP-yS  100  pM 
arcUs).  GTP-yS  +  1  pM  isoprenaline  (ISO)  (triangki).  and  CTP-yS  +  0  1  pM  carbachol  ((  vb] 
(uptares).  GTP-yS  (100  pM)  was  added  into  the  pipette  solution  External  solution  included  3  mM 
BaCli,  10  pM  TTX,  and  3  mM  CdCL.  (B)  Summarired  percentage  changes  in  1,  (at  -  120  m\'5 
Left  panel  shows  effects  by  ISO  (I  pM)  or  Carb  (0  1  pM)  alone  On  the  right  panel,  the  changes 
by  GTP-yS  (100  pM),  GTP-yS  +  ISO  (I  pM),  and  GTP-yS  +  Carb  (0  1  pM)  are  shown  N'enical 
bars  represent  the  mean  values  and  the  SEM  values  are  superimposed  The  numbers  in  parentheses 
indicate  the  number  of  experiments.  '’/KO  OI,  ***p<0  (X)l,  with  respect  to  control  value 
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G-proteins  activated  by  GTP-yS.  Direct  Ci-protein  coupling  between  autonomic  recep¬ 
tors  and  I|  channels  may  partly  account  for  the  ability  of  the  autonomic  nervous 
system  to  produce  its  effects  within  a  single  heartbeat,  and  an  indirect  coupling  via 
second  messengers  can  account  for  the  more  persistent  effects. 

In  conclusion,  the  hyperpolarwation-activated  I,  current  (Cs'  sensitive)  mav  contrib¬ 
ute  to  the  electrogenesis  of  the  pacemaker  potential  of  embryonic  chick  hean  cells  and 
decreases  during  development  P-adrenergic  agonists  stimulate  I,,  whereas  muscarinic 
cholinergic  agonists  inhibit  I,  and  reverse  P-adrenoceptor  stimulation.  Thus,  G-proteins 
directly  and  indirectly  couple  autonomic  receptors  to  1,  channels  in  embryonic  chick 
ventricular  cells. 
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Stretch-activated  (SA)  ion  channels  are  ubiquitously  distributed  virtually  in  all  organ¬ 
isms  and  supposed  to  have  important  roles  in  fundamental  cell  functions  such  as  cell 
volume  regulation.'  However,  because  of  the  absence  of  useful  blockers  (except  for 
the  inorganic  cation  gadolinium)  and  activators  the  mechanism  of  activation  or  physio¬ 
logical  role  of  the  channel  is  unclear.  In  the  present  study,  a  number  of  drugs  have 
been  subjected  to  screening  by  using  the  conventional  patch-clamp  technique.  We 
have  found  that  aminoglycoside  antibiotics,  such  as  neomycin,  strongly  blocked  the 
cation-permeable  SA  channels  of  chick  skeletal  muscle  cells,  and  that  a  certain  class 
of  amphipaths,  such  as  chlorpromazine,  could  activate  the  SA  channels  in  the  absence 
of  mechanical  stimuli. 

There  are  two  types  of  SA  channels  in  cultured  chick  skeletal  muscles.’  One  (sSA) 
is  a  voltage-independent  nonselective  cation  channel  with  a  conductance  of  60  pS  at 
150  mM  KCl  in  the  pipette.  The  other  type  (ISA)  with  a  larger  conductance  (190 
pS)  is  a  voltage-dependent  nonselective  cation  channel  (Fig.  1  ,a).  We  found  that  both 
types  of  SA  channels  were  blocked  by  externally  applied  aminoglycoside  antibiotics 
in  a  dose-  and  voltage-dependent  manner  (Fig.  l.b).  Dose  dependence  of  the  blockade 
indicated  that  the  drug  interacts  with  the  channel  in  a  1:1  fashion  (not  shown).  From 
the  analysis  of  the  voltage-dependent  blockade,  the  zero  voltage  dissociation  constants 
of  several  aminoglycosides  in  sSA  and  ISA  channels  were  determined  as  follows  (in 
HM);  neomycin  (2.4,  2.4),  streptomycin  (20.7,  25.4),  ribostamycin  (32.4,  55.9),  dibc- 
kacin  (47.5,  17.5),  and  kanamycin  (54.7,  22.1).  Although  these  drugs  block  other 
ion  channels  like  Ca  or  K  channels,'  their  dissociation  constants  for  the  SA  channels 
are  much  lower  than  those  for  other  channels. 

A  certain  class  of  amphipaths  is  known  to  accelerate  the  opening  of  SA  channels 
from  E.  coli  spheroplasts."'  Those  drugs  are  thought  to  penetrate  into  the  lipid  bilayer, 
generating  strain  in  it.  We  also  have  found  that  several  amphipaths  (chlorpromazine 
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FIGURE  I .  Voltage-dependent  blockade  of  ISA  channel  by  kanamycin.  (a)  Single  channel  currents 
of  voltage-dependent  ISA  channel  at  different  voltages  in  the  absence  (Itfi,  control)  and  in  the  presence 
of  10  pM  kanamycin  (ngbt)  in  the  pipette,  (b)  Single  channel  currents  are  plotted  against  bath  voltage 
(membrane  potential)  at  various  kanamycin  concentration  in  the  pipette,  where  the  pipette  potential 
is  defined  as  zero  voltage  All  the  data  were  colleaed  from  excised  inside-out  patches  of  cultured 
chick  skeletal  muscle  cells  at  room  temperature  (20-25°C)  Bath  solution  (in  mM):  (1.^0  NaCl;  5 
KCl;  2  CaCh;  1  MgCh;  10  HEPES,  pH  7  4),  pipette  solution:  (150  KCh  5  NaCI.’;  1  MgCI-; 
kanamycin;  10  HEPES,  pH  7.4). 
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FIGURE  2.  Time-dependent  effect  of  chlorpromazine  (CPZ)  on  the  open  probability  of  single  sSA 
channels,  (a)  Activation  of  single  sSA  channel  by  negative  pressure  in  the  pipette  (Ufi.  control)  and 
by  10  pM  CPZ  in  the  pipette  without  suction  (right),  (b)  Plot  of  single  channel  open  probability 
(Po,  %)  against  time  after  gigaseal  formation  at  various  CPZ  concentrations.  All  the  data  were  obtained 
from  cell  attached  patches  of  cultured  chick  skeletal  muscle  cells  Essentially  the  same  results  could 
be  obtained  from  excised  patches  All  other  conditions  arc  the  same  as  in  Figc  Rt:  1 ,  except  that 
pipette  solutions  contained  CPZ  instead  of  kanamycin. 
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and  trinitrophenol)  could  activate  the  SA  channels  of  cultured  chick  muscles  in  the 
same  manner  as  mechanical  stimuli  (Fig.  2, a).  For  example,  chlorpromazine  (CPZ)  in 
the  pipette  dose-  and  time-dependently  activated  the  SA  channels  (Fig.  2,b),  which 
might  arise  from  the  progressive  stress  caused  by  time-dependent  penetration  of  the 
drug  into  the  lipid  bilayer.  As  the  activation  of  the  SA  channels  in  our  preparation 
has  been  su^ested  to  relate  to  cytoskeletal  structures,'  both  cytoskeletons  and  lipids 
may  contribute  to  the  SA  channel  activation. 
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The  opening  of  GABAa  receptor-linked  C1‘  channels  in  hippocampal  pyramidal 
neurons  hyperpolarizes  the  perikaryonic  membrane  and  depolarizes  the  dendrites.' ' 
The  differences  in  the  local  intracellular  C1‘  concentrations  ([Cl  ■[,)  among  the  cellular 
regions  are  considered  to  be  responsible  for  such  diverse  effects,  but  have  not  been 
confirmed  by  conventional  techniques.  In  this  study,  the  regional  [Cl '  ],  and  the  distribu¬ 
tion  of  Cl'  transporters  in  cultured  rat  hippocampal  neurons  were  investigated  using 
a  Cl'-sensitive  fluorescence  dye,  N-(6-methoxyquinolyl)acetoethyl  ester  (MQAE). 

Hippocampal  neurons  from  17-day-old  Wistar  rat  embryos  were  cultured  and 
loaded  with  MQAE  as  described  elsewhere.' ''  The  microscopic  MQAE  fluorescence 
intensity  was  continuously  recorded  with  a  multichannel  window  photometer,  which 
enabled  the  simultaneous  observation  of  [Cl “I,  in  central  and  peripheral  regions  of 
the  same  perikaryon  of  a  pyramidal  cell-like  neuron.  The  jCl  j,  in  neural  processes 
was  separately  measured  at  a  fiber  bundle  consisting  of  processes  from  clustering 
neurons. 

After  the  transmembrane  Cl'  gradient  was  minimized  with  ionophores,  the  MQAE 
fluorescence  intensity  was  decreased  with  stepwise  increases  in  the  medium  Cl '  concen¬ 
tration  (Fig.  1).  The  stationary  level  of  [Cl  ),  in  each  region  was  estimated  from  the 
initial  fluorescence  level  in  the  corresponding  calibration  curve  of  fluorescence  intensity 
against  the  Cl "  concentration.  Table  1  shows  the  estimated  values  and  their  changes  bv 
inhibitors  of  Cl '  transport  sy.stems  working  in  neurons'*:  ethacrynic  acid  for  outwardly 
directed  Cl'  pump,*  furosemide  and  bumetanide  for  inwardly  directed  Na‘  /K'  /2C1 
cotransporters. 

The  stationary  [Cl  j,  was  lower  in  the  central  region  of  the  perikarya  than  in  the 
periphery.  The  jCl  j,  in  the  neural  process  was  much  higher  than  that  in  the  perikarva. 
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FIGURE  1.  Intracellular  calibration  of  MQAE  fluorescence  intensity.  The  regional  fluorescence 
intensities  were  continuously  recorded  in  the  central  and  peripheral  regions  of  a  perikarvon  and  in 
a  bundle  of  neural  prcKesses  of  MQAE-loaded  hippocampal  neurons  perfused  with  Krebs'  solution 
To  control  the  |Cr|„  the  transmembrane  CL  gradients  were  minimized  by  the  calibration  solution 
containing  1  If  mM  KNOi,  10  pM  valinomycin.  !  pM  nigericin,  10  pM  tributyltin.  and  definite 
concentration  of  CT  ([KC1|  +  |KNOi|  =  1 mM)  The  stationary  level  of  [Cl  j,  in  each  region 
was  estimated  by  the  initial  fluorescence  intensity  using  the  calibration  curve  against  log  |C1  | 


The  increase  in  [Cl  |,  by  the  inhibition  of  CT  pump  was  greater  in  the  central  region 
than  in  the  periphery,  but  not  detected  in  the  neuronal  processes.  After  the  inhibition 
of  NaVK*/2CT  cotransporter,  the  (CT),  was  lowered  prominently  in  the  peripheral 
region,  moderately  in  the  central  region,  and  weakly  in  the  peripheral  region. 

These  findings  suggest  that  the  heterogeneous  regional  [CT  j,  in  hippocampal  neu¬ 
rons  is  maintained  by  the  spatially  diverse  distribution  and  function  of  Cl  transporters; 
the  ethacrynic  acid-sensitive  CT  pumps  are  distributed  mainly  on  the  perikaryonic 
membrane  and  work  more  effcaively  in  the  central  region  than  in  the  periphery,  and 
the  furosemide-  and  humetanide-sensitive  Na*  /K*  /2CT  cotranspiorters  are  distributed 
in  the  entire  cell  but  work  more  efficiently  in  the  peripheral  region. 


HARA  era/..  SPATIAL  DIVERSITY  OF  Cl  CHANNELS 


42  5 


Table  1.  The  Effects  of  Cl  ’  Transport  Inhibitors  on  the  Regional  Intracellular 
Cl"  Concentration  ((Cl'jJ'’ 


Drugs 

Center  of 
perikarya 

Regional  (Cl  J,  (mM) 

Periphery  of 
perikarya 

Neural 

process 

None  (stationary) 

11.4  ±  2.7 

17.4  +  2.8 

55.0  +  7.8 

Ethacrynic  acid  (0.5  mM) 

55.7  ±  7.6* 

50.4  +  4.9* 

55.4  +  2.3 

Furosemide(l  mM) 

4.4  ±  I  .9* 

0.4  ±  0.5* 

17.3  ±  2,5' 

Bumetanide  (50  nM) 

1.8  +  0.8» 

0.3  +  0.2* 

21.1  ±  2.r 

“The  stationary  values  of  regional  [Cl  ],  were  estimated  by  respective  calibration  experiments. 
(Cl  I,  values  were  estimated  at  S  min  after  the  perfusion  with  or  without  drugs  The  number  of 
determinations;  4-8 

*  p  <  O.QS  compared  with  each  stationary  value. 


REFERENCES 

1.  Anderson,  P  ,  R.  Dingledine,  L.  Gjerstad  &  1.  A.  Langmon  1980  J  Physiol  505:  279- 

296. 

2.  Newberry,  N.  &  R.  A.  Nicole.  1985.  J.  Physiol  560;  161-185. 

5.  Hara,  M.,  M.  Inoue,  T.  Yasukura,  S.  Ohnishi,  Y.  Mikami  &  C.  Inagaki.  1992,  Neurosci, 
Lett  145;  1  55-1  58. 

4.  Inoue,  M  ,  M  Hara,  X-T.  Zeng,  T,  Hirose.  Y.  Yasiikura,  T,  Uriu,  K  Omori,  Minato 
&  C.  I^,^v^,^lU.  1991.  Neurosci.  Lett.  154:  75-78 
5  Shiroya,  T.,  R.  Fukunaga,  K.  Akashi,  N.  Shimada,  Y.  Takagi.  T.  Nishino,  M  Hara  &  C 
Inagakj  1989.  j  Biol.  Chem.  264:  17416-17421. 


Identification  of  an  Anion 
Channel  Protein  from  Transverse 
Tubules  of  Rabbit  Skeletal  Muscle 

JUN  HIDAKA,  TORU  IDE,  TAKAHISA  TAGUCHI, 
AND  MICHIKI  KASAI 

Department  of  Biophysical  Engineering 
Faculty  of  En^neering  Science 
Osaka  University 
Toyonaka,  Osaka  560,  Japan 


The  transverse  tubule  (TT)  of  skeletal  muscle  is  an  interface  that  transduces  the 
membrane  depolarization  to  Ca^*  release  signal  from  sarcoplasmic  reticulum.  Hence, 
the  stability  of  membrane  potential  permits  TT  to  function  normally.  Since  some 
kinds  of  Cl'  channels  are  considered  to  have  a  role  to  stabilize  the  potential,  it  is 
important  to  characterize  the  channel  in  TT  membrane  to  understand  the  mechanism 
of  excitation-contraction  coupling. 

The  TT  vesicles  were  prepared  from  rabbit  skeletal  muscle  by  the  homogenization 
with  a  blender  and  six  of  the  centrifugation  steps  including  the  step  with  sucrose 
density  gradient.  To  characterize  CT  channels  in  TT  vesicles,  these  vesicles  were 
incorporated  into  artificial  planar  lipid  bilayers  and  the  electric  currents  through  the 
channels  were  analyzed  as  reported  previously,' 

The  Cl"  channel  of  TT  membrane  was  found  to  have  the  following  biophysical 
properties.  (I)  The  single  channel  conductance  is  40  pS  in  choline  Cl  solution  (rii 
side;  300  mM  choline  Cl,  trans  side;  100  mM  choline  Cl).  (2)  The  open  probability 
does  not  depend  on  the  membrane  potential  in  the  range  between  -  80  and  +  60 
mV,  and  it  is  not  affected  by  Ca^*.  (5)  The  channel  is  blocked  from  both  sides  of 
the  membrane  by  50  (iM  stilbene  derivatives  (DIDS,  SITS),  which  are  known  as 
the  inhibitors  of  the  voltage-dependent  Cl'  channel  of  Torpedo  electric  organs.  (4) 
9-antracenecarboxylic  acid  (9 AC),  an  inhibitor  of  the  voltage-dependent  Cl  channel 
from  muscle,  inhibits  the  channel  activity  from  cis  side  at  300  pM 

To  elucidate  the  biochemical  structure  of  the  Cl  channel  in  TT',  we  used  the 
polyclonal  antibody  against  the  1 80  K  protein  which  was  identified  as  a  Cl  channel 
protein  in  the  electric  organ  of  Narke  japonica  '  The  western  blot  analysis  with  this 
antibody  (Fig.  1)  revealed  that  the  antibody  recognized  the  90  K  and  60  K  proteins, 
or  only  a  140  K  protein  under  the  condition  of  electrophoresis  with  or  without 
2-mercaptoethanol,  respectively. 
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FIGURE  1.  Western  blot  analysis  of  TT  proteins  using  a  polyclonal  antibody  against  the  180  K 
protein  from  elenric  organ  of  Narke  japonica.  The  proteins  of  TT  membrane  prepared  from  rabbit 
skeletal  muscle  were  separated  by  sodium  dodecylsulfate-7.5%  polyacrylamide  gel  electrophoresis 
(SDS-PAGE).  These  proteins  were  then  electrically  transferred  onto  a  nitrocellulose  sheet  using  a 
semi-dry  transfer  system.  After  incubation  with  the  anti-Ch  channel  (anti- 180  K  protein)  antibody 
for }  h,  the  sheet  was  reincubated  with  horseradish  peroxidase-conjugated  anti-rabbit  IgG  antibody. 
Proteins  with  the  antibodies  on  the  sheet  was  visualized  by  incubation  with  dimethylaminoazobenzene 
and  HjOi,  In  A  and  B,  proteins  were  separated  by  SDS-PAGE  with  and  without  2-mercaptoethanol. 
respectively.  Four  arrowheads  indicate  the  molecular  weight  of  200  K  (top),  94  K,  67  K,  and  45  K 
(bottom). 


To  confirm  that  the  antibody  recognizes  the  Cl'  channel  in  TT,  we  tested  whether 
the  antibody  were  able  to  modulate  the  channel  activity.  As  shown  in  Figore  2,  the 
antibody  added  in  the  solution  on  each  side  completely  blocked  the  fluctuation  of 
single  Cl'  current  through  the  channel  incorporated  in  the  planar  lipid  bilayer.  This 
phenomenon  was  observed  within  5  min  after  the  application  of  the  antibody  and 
continued  for  more  than  40  min. 

These  results  indicate  that  the  antibody  recognizes  the  Cl'  channel  protein  in  TT 
membrane  as  well  as  the  channel  in  the  electric  organ  of  Narke japonica  and  the  channel 
in  TT  is  compo.sed  of  at  least  a  140  K  protein,  which  contains  two  subunits  (90  K 
and  60  K)  crosslinked  with  a  disulfide  bond.  7b  determine  the  complete  subunit  of 
channel,  purification  of  the  functional  protein  is  indispensable  and  is  now  in  progress. 

Blatz  et  al.  have  characterized  three  Cl '  channels  on  a  surface  membrane  of  cultured 
rat  skeletal  muscle.^  Although  the  unitary  conductance  of  the  Cl“  channel  derived 
from  TT  membrane  (40  pS)  is  close  to  that  of  one  of  these  channels,  the  channel 
reported  in  this  study  is  considered  to  be  different  from  these  channels  because  there 
is  no  voltage  dependency  and  there  is  inhibition  of  9AC  from  the  cis  side.  The  channel 
of  TT,  therefore,  should  be  classified  as  a  “background”  type  of  Cl'  channel.' 
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FIGURE  2.  Effeas  of  the  antibodies  on  the  Cl’  channel  funaions.  The  TT  vesicle  suspension  (10 
pg  protein/ml)  containing  CT  channels  was  applied  to  the  m  side  solution  of  the  artificial  planar 
lipid  bilayer  membrane  formed  by  the  painting  method.  The  cis  and  tram  solutions  were  composed 
of  300  mM  choline  Cl,  1 J  mM  HEPES-Tris  (pH  7.1),  and  1  mM  CaCl.-,  and  100  mM  choline  Cl 
and  15  mM  HEPES-Tris  (pH  7.1).  respeaively  After  the  stable  CT  current  was  observed,  the 
antibody  was  applied  at  the  time  indicated  by  the  arrow.  In  A.  the  antibody  of  12.5  Hg/ml  (final) 
was  added  to  the  cis  side.  Current  fluauation  was  measured  at  the  holding  potential  of  -  25  m\' 
In  B,  the  antibody  of  30  pg/ml  (final)  was  added  to  the  tram  side  Current  fluctuation  was  measured 
at  -  10  mV.  The  letters  of  “O”  and  “CT  in  the  figure  show  the  open  state  at>d  the  closed  state  (baseline) 
of  the  channel,  respectively. 
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Joro  spider  toxin  (fSTX)  is  a  specific  blocker  of  non-NMDA  glutamate  receptors.'  ’ 
The  distribution  of  JSTX-binding  sites  revealed  by  biotinylated  JSTX  is  similar  to  the 
distribution  of  non-NMDA  receptors.’  The  binding  is  not  inhibited  by  1  mM  gluta¬ 
mate,  5  mM  spermine,  or  1  M  NaCl.  Consequently,  (/)  JSTX  does  not  interfere 
with  the  agonist  binding,  (2)  the  blocking  activity  of  JSTX  is  not  due  to  binding  of 
the  polyamine  moiety  in  the  toxin  molecule,  and  U)  JSTX  does  not  bind  through 
the  cationic  charges  in  its  structure. 

Recently,  we  affinity-purified  JSTX-binding  protein  from  bovine  cerebellum,  with 
the  final  purified  fraction  containing  a  major  protein  band  with  an  apparent  molecular 
weight  of  1 30  kD  on  SDS-PAGE."  Functional  reconstitution  of  the  purified  protein 
was  achieved  in  planar  bilayer  membranes  (Fig.  I).  Planar  bilayers  were  formed  from 
asolectin  (15  mg/ ml  in  n-decane)  using  the  brush  method.'  Following  incorporation 
of  the  purified  protein,  addition  of  100  pM  glutamate  produced  an  increase  in  conduc¬ 
tance  associated  with  channel  transitions.  The  activity  and  conductance  of  the  gluta¬ 
mate-induced  channels  did  not  appear  to  be  affected  by  changing  the  membrane  voltage 
from  -f  70  mV  to  -  70  mV,  consistent  with  voltage-independent  channels.  When 
JSTX  (40  nM)  was  added  on  one  side  ids)  of  the  membrane,  channel  openings  were 
greatly  reduced  in  frequency  without  change  in  the  conductance.  This  indicates  that 
JSTX  acts  as  a  slow  blocker  of  the  glutamate-aaivated  channels  of  the  incorporated 
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FIGURE  1 .  Schematic  diagram  of  the  planar  bilaycr  system  The  side  to  which  proteins,  glutamate 
and  JSTX  were  added  is  defined  as  the  cis  side.  The  voltage  is  referred  to  the  trans  side,  opposite  to 
the  oj  side  Single  channel  currents  of  ^utamate-sensitive  channels  reconstituted  into  the  anificial 
lipid  bilayer.  Glutamate  (100  pM)  induced  channel  activity,  which  was  similar  at  +  70  mV'  and  -  70 
mV  (/).  Addition  of  JSTX  (40  pM)  to  the  cis  side  blocked  channels  in  a  voltage-dependent  manner, 
and  blockade  became  more  frequent  with  increasing  the  voltage  (2-4) 
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FIGURE  2.  Immunohiswchcmical  study  using  a  monoclonal  antiliod'.  to  thcaffinitv-puriticd  protein 
Sagittal  section  of  a  part  of  the  rat  brain.  Specific  binding  of  biotinylated  JSTX  to  the  cerebellum 
and  hippocampus  (top)  was  inhibited  by  treatment  with  the  antibody  (bottom)  Bar  =  1  mm 


protein.  1  his  inhibition  appeared  to  be  voltage  dependen  c  more  frequent  channel 

blockade  was  observed  upon  increasing  the  membram  age  on  the  cis  side.  The 

results  suggest  that  JSTX  binds  to  a  site  in  the  ion-conducting  pathway  at  which  a 
voltage  drop  occurs. 
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A  monoclonal  antibody  was  prepared  against  the  affinity-purified  protein.  1  he 
antibody  was  obtained  as  the  produa  of  a  hybridoma  cell  clone  isolated  after  immuniza¬ 
tion  of  BALB/c  mice.  Using  the  monoclonal  antibody  (Ab  #56),  which  specifically 
recognizes  the  1 30  K  protein  in  Western  blot,  we  carried  out  an  immunohistochemical 
study  of  the  distribution  of  binding  sites  in  the  rat  brain.  The  immunoreactive  sites 
revealed  by  the  ABC  method  were  Purkinje  cell  bodies  and  their  dendrites  in  the 
cerebellum,  pyramidal  cells  in  the  CA1-CA3  layers,  and  the  dentate  gyrus  in  the 
hippocampus.  These  sites  are  in  good  agreement  with  the  distribution  of  JSTX  (and 
AMPA)-binding  sites.  The  specific  binding  of  biotinylated  JSTX  to  the  cerebellum 
and  hippocampus  was  inhibited  by  treatment  with  the  antibody  (Fig.  2). 

Our  results  indicate  that  the  monoclonal  antibody  (Ab  #56)  to  the  1 30  kD  protein 
reacts  with  JSTX-bindlng  sites.  The  histological  investigation  of  the  distribution  in  the 
brain  and  the  reconstitution  of  channel  activity  shows  that  the  protein  is  a  constituent  of 
the  glutamate  receptor. 
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When  malarial  gametocytes  are  taken  up  into  the  mosquito  midgut  as  intra- 
erythrocytic  parasites,  gametogenesis  is  induced  within  1 5  min  after  digestion  of  blood- 
meal.  These  sexual  parasites  escape  from  the  infected  erythrocytes,  during  which  the 
male  (micro-)gametocyte  passes  through  three  mitotic  divisions  and  assembles  eight 
flagella,  each  snapping  off  with  the  attached  nucleus  to  form  a  microgamcte  (sperm), 
in  the  process  of  “exflagellation, ”  and  fertilization  ensues.  In  contrast ,  the  female  (macro-) 
garnet ocyte  does  not  undergo  any  dramatic,  visible  process  such  as  exflagellation  during 
escape  from  erythrocytes,  but  transforms  into  a  single  macrogamete  (egg).  In  a  rodent 
malaria  parasite,  Plasmodium  bergbei,  microgametogenesis  can  be  subdivided  into  five 
stages  (Fig.  1).'  ’  This  process  can  be  reproduced  in  vitro  at  an  alkaline  pH  (8.0  ± 
0.3)  and  at  a  temperature  5-15°  C  lower  than  that  of  the  vertebrate  hosts. 

Induction  of  exflagellation  in  P.  bergbei  is  composed  of  two  distinct  mechanisms  '  ' 
The  first  is  low-temperature-dependent  DNA  synthesis  (Fig.  1,  stage  B),  and  the 
second  is  pH-dependent  control  of  subsequent  development  (Fig  I ,  stages  C-E).  DNA 
replication  may  be  triggered  by  one  of  the  two  external  “positive”  signals,  temperature 
fall  alone,  since  it  is  inhibited  at  37°  C  and  is  independent  of  external  ionic  and  pH 
conditions.  On  the  other  hand,  the  induction  of  exfiagellation  absolutely  requires 
Na*  and  HCOr  or  monovalent  cation  and  Cl  in  the  medium  ’  Determination  of 
intracellular  ionic  concentrations  by  a  new  method  of  electron  microscopy  X-rav 
microanalysis  of  cryo preserved,  unfixed,  unsectioned,  and  unstained  samples  revealed 
that  in  the  NaHCO;  medium,  external  Na‘  (and  probably  HCO;  )  enters  the  gameto¬ 
cytes  by  exchange  with  internal  Cl  (and  probably  H‘),  whereas  in  Cl  -containing 
media  external  unspecified  cation  and  Cl  influx  by  exchange  probably  with  H '  and 
HCO)  (Fig.  2).  It  is  therefore  suggested  that  two  separate  anion  exchangers,  i.c  , 
Na*-dependent  HCOi  (influx)/CI  (efflux)  and  non-specific  monovalent  cation- 
dependent  Cl  (influx)/ HCO(  (efflux)  exchangers,  arc  involved  in  the  induction  mccha- 

"  This  study  was  supponed  l)y  C'lram-in-Aid  of  ihc  ,Ministry  of  F.ducation,  Siicncc  and  Culture. 
Japan  (No  01t702l2  and  04670227) 
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A  B  C 


E  D 

FIGURE  1 .  A  schematic  drawing  of  developmental  events  during  formation  of  male  gametes  in 
Plasmodium  bergbei  (Modified  from  Kawamoto  et  al.').  Mature,  male  gametocytes  circulate  in  the 
host  blood  as  non-activated  forms  (stage  A),  but  are  quickly  activated  after  transfer  from  the  vertebrate 
host  into  the  bloodmeal  of  the  mosquito.  Their  nuclei  become  enlarged  and  rapid  DNA  synthesis, 
from  1  ,fC  to  8C  level,  occurs  within  10  min  (stage  B),  Then,  the  newly  synthesized  DNA  becomes 
condensed  (stage  C),  divides  into  7-8  masses  to  form  gamete  nuclei  (stage  D),  each  of  which  incorpo¬ 
rates  into  each  flagellum,  and  exflagellation  begins  (stage  E).  MG,  male  gametocyte;  PG,  pigment 
granules;  nucleus,  RBC,  red  blood  cell 


nism  (Fig.  1,B).  Furthermore,  the  presence  of  both  class  of  anions  in  the  medium 
enhanced  exflagellation  aaivity  and  increased  Na‘  uptake  more  than  that  in  the  NaCl 
or  NaHCOi  medium  alone  (Fig.  2,E).  To  explain  this  enhancement,  we  have  proposed 
a  “recycling”  model  (Fig.  I  ,B)  of  cytoplasmic  pH  (pHJ  regulation  by  two  contra-active 
anion  exchangers,  in  which  HCOr  and  Cl"  are  exchanged  between  the  cells  and  the 
media,  resulting  in  the  acceleration  of  monovalent  cation/H*  exchange.  These  anion 
exchangers  seem  to  be  novel  types  since  they  are  amiloride-sensitive  (Fig,  2  ,F),  and  male 
gametocytes  treated  with  amiloride  cease  development  at  stage  B.  Thus,  cultivation  at 
alkaline  pH,  another  “positive"  signal,  may  activate  these  exchangers  in  the  presence 
of  suitable  ions,  and  a  rise  in  pH,  by  exchange  of  internal  H*  with  external  Na‘  or 
monovalent  cation  could  allow  the  development  to  proceed  beyond  stage  B. 

In  eukaryotic  cells,  it  is  well  known  that  external  “positive"  signals  are  transduced 
into  the  cells  by  second  messengers  such  as  Ca^* ,  cAMP,  and/or  cGMP,  where  these 
messengers  activate  various  protein  kinases  and  then  initiate  DNA  synthesis.  In  malarial 
gametogenesis,  its  induction  was  found  to  be  regulated  by  second  messengers  of  Ca’ ' 
and  cGMP.'  Treatment  with  TMB-8  (a  Ca'*  release  inhibitor)  and  W-7/W-66  (cal¬ 
modulin  inhibitors)  blocked  exflagellation  by  inhibiting  DNA  synthesis  from  1 .5C  to 
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FIGURE  2.  X-ray  microanalyses  of  non-aalvated  (control.  A)  and  activated  gamctocstes  (.Modified 
from  Kawamoto  it  at.').  Gametocytes  are  cultivated  in  isotonic  NallCO.  (B),  NaCI  (C),  CsGI  (D). 
NaHCOi  +  NaClfl  l.  E)  and  treated  with  0.5  mM  amiloride  in  NaHCO.  +  NaCl  (F)  Note  that 
the  Cl  content  has  decreased  to  the  background  noi.se  level  in  B  (arrow) 


8C  level."'  In  contrast,  inhibitors  of  cGMP-dependent  protein  kinases  such  as  H-8, 
H-87,  H-89,  and  staurosporine  also  ceased  the  development,  but  DNA  synthesis  in 
male  gametocytes  occurred  as  in  the  controls.  Electron  microscopy  study'  revealed 
that  male  gametocytes  treated  with  TMB-8  and  W-7  failed  to  enlarge  nuclei  and  to 
form  axonemes  in  the  cytoplasm.  In  female  gametocytes,  treatment  with  both  C'.f  ' 
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antagonists  resulted  in  a  dramatic  morphological  change  in  the  endoplasmic  reticulum 
(ER),  which  is  thought  to  be  a  Ca^*  store.  The  ER  network  condensed  near  nuclei 
and  was  laminated  by  the  abnormal  attachment  of  ribosomes  between  two  ER  mem¬ 
branes.  On  the  other  hand,  male  gametocytes  treated  with  protein  kinase  inhibitors 
or  amiloride  had  enlarged  nuclei  and  axonemes,  but  failed  to  develop  funher.  The 
ER  network  in  female  gametocytes  treated  with  these  inhibitors  was  similar  to  that 
in  the  controls. 

These  results  taken  together  may  suggest  that  the  rapid  DNA  synthesis  and  axoneme 
formation  in  male  gametocytes  may  be  regulated  by  Ca^  *  /calmodulin,  and  that  further 
development,  leading  to  exflagellation,  may  be  induced  by  cGMP-dependent  pathways 
and/or  an  increase  in  pH,.  Low  temperature-dependency  of  DNA  synthesis  in  male 
gametocytes  may  imply  regulation  by  heat-shock  proteins  (HSPs)  during  its  switching 
on  mechanism  for  transfer  from  vertebrate  to  invertebrate  hosts.  Since  in  malaria 
parasites  HSPs  are  expressed  only  in  the  vertebrate  stages,  it  is  quite  possible  that 
mature  gametocytes  in  the  vertebrate  blood  may  be  down-regulated  by  HSPs  and 
“arrested”  as  non-activated  forms  (Gl  state  ?). 
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Two  important  roles  for  Ca^*  in  skeletal  muscle  are  excitatory  and  inhibitory  ones. 
Ca^‘  released  from  the  sarcoplasmic  reticulum  brings  about  muscle  contraction.  Ca’* 
influx  through  the  sarcolemmal  membrane,  however,  represses  nicotinic  acetylcholine 
receptor  (nAChR)  biosynthesis,'  and  promotes  nAChR  desensitization.’  We  have 
found  that  non-contraaile  Ca^*  (not  accompanied  by  twitch  tension)  is  mobilized  via 
nAChR  by  nerve  stimulation  with  0.3  pM  neostigmine  in  mouse  diaphragm  muscles.'"' 
The  mechanism  and  the  functional  role  of  non-contractile  Ca"’*  were  investigated 
using  Ca^  *  aequorin  luminescence. 


RESULTS 

The  duration  of  non-contractile  Ca^'  transients  was  prolonged  by  calcitonin  gene- 
related  peptide  (CGRP,  0.3-10  nM)  and  AA  373(3  00  pM), a  protein  kinase  A  activator 
(Fig.  I)."  CGRPs-)?  (10-20  pM),  a  CGRP  antagonist,  and  H-89  (0,1-1  pM),  a  protein 
kinase  A  inhibitor,  decreased  the  non-contractile  Ca^*  transients.  1 2-O-tetradecanoyl- 
phorbol  1 3-acetate  (TPA,  0.3-1  pM),  a  protein  kinase  C  activator,  decreased  contrac¬ 
tile  (accompanied  by  twitch  tension)  but  not  non-contractile  Ca'  *  transients.  Phospholi¬ 
pase  Ki  and  cholera  toxin  increased  only  contractile  components.  Neither  calmodulin 
nor  phospholipase  C  affected  both  type  of  Ca'*  transients.  The  peak  amplitude  of 
non-contractile  transients  was  increased  by  4-aminopyridine  (100  pM)  and  decreased 
by  hexamethonium  (10-100  pM). 

'  To  whom  all  correspondence  should  he  addressed 
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FIGURE  1.  Characterization  of  the  mobilization  of  contractile  Ca" '  and  RAMiC  t  inc'-T'i- 
i:decrease,  “*:no  effect 

'  tubocurarine:  nicotinic  competitive  antagonist,  ''pancuronium:  nicotinic  competitive  antagonist. 
'  geographutoxin  It;  muscle  Na'  channel  blocker,  ''Ca'’  releiser  from  .SR 


To  elicit  contractile  Ca’  ‘  transients  during  generation  of  non-contractile  transients, 
the  phrenic  nerve  ■was  stimulated  by  double  pulse  with  delay  (msec:  150,  300,  600. 
and  1,000).  Contractile  Ca’*  transients  were  suppressed  at  shorter  delays  as  non- 
contractile  Ca’*  transients  increased,  and  were  restored  at  longer  delays  as  non- 
contractile  transients  decreased.  The  extent  of  the  suppression  wis  dependent  on 
the  peak  amplitude  of  non-contractile  Ca’"  transients  regulated  by  external  [Ca'*],,. 
demonstrating  that  non-contractile  Ca’  *  suppre.sscs  the  contractile  Ca’  *  mobilization. 


DISCUSSION 

Non-contractile  Ca’*,  RAMIC  (receptor-activity  modulating  intracellular  Ca-'), 
is  mobilized  depending  on  the  accumulated  amounts  of  acetylcholine  in  the  synaptic 
cleft.  The  RAMIC  mobilization  was  caused  by  a  physiological  function  of  CGRP 
through  the  activation  of  protein  kinase  A  (Fig  2).  RAMIC  may  be  relca.scd  locally 
in  submembrane  from  a  Ca^‘  pool  triggered  by  Ca’*  influx  through  nAChR 

The  decrease  in  contraaile  Ca^*  transients  by  protein  kinase  C  activator  I’PA 
is  correlated  with  nAChR  desensitization  promoted  by  protein  kinase  C-induced 
phosphorylation.'  RAMIC  may  be  utilized  for  activating  protein  kinase  C  and  affect 
contractile  Ca^*  transients  evoked  subsequently,  RAMIC  may  stimulate  43  kD  protein 
like  annexin  beneath  the  postsynaptic  membrane  via  protein  kinase  C  for  its  inhibition. 

The  increase  in  contractile  components  by  phospholipase  A.-  is  at  lea.st  in  part  due 
to  fatty  acid-induced  Ca^*  release  from  the  .sarcoplasmic  reticulum  “  RAMIC  may 
activate  phospholipase  A>.  thereby  enhancing  contractile  Ca’*  transients. 
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FIGURE  2.  Putative  mechanisms  of  n\ChR  descnsiti?.ation  in  neuromuscular  synapse 


In  conclusion,  endogenous  CGRP  is  released  from  motor  nerve  terminal  via  positive 
feedback  mechanism  under  a  desensitizable  condition,  and  promotes  the  RAMIC 
mobilization  by  stimulating  protein  kinase  A.  RAMIC  then  accelerates  nAChR  desensi¬ 
tization  presumably  through  protein  kinase  C-induced  phosphorylation.  Its  desensitiza¬ 
tion  may  be  also  modulated  by  phospholipase  A;. 
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Nicotinic  acetylcholine  receptors  (nAChRs)  from  electric  organ  and  muscle  consist 
of  four  distinct  subunits  assembled  into  a2pY(e)6  pentamer.  To  date,  participation 
of  cAMP-dependent  protein  kinase  (PKA)  in  phosphorylation  of  nAChRs  in  electric 
organ  and  muscle  is  precisely  characterized  in  vitro  and  in  vivo.  One  of  its  physiological 
roles  is  to  regulate  the  rate  of  desensitization.  In  contrast,  cAMP  has  been  reported 
to  enhance  the  ACh-induced  response  in  chick  ciliary  gan^ion  neurons.'  Treatment 
of  chick  ciliary  ganglion  neuron  in  culture  with  cAMP  analogs  leads  to  an  increase 
in  the  phosphorylation  of  the  a  5  agonist  binding  subunits,^  which  contrasts  with  rapid 
phosphorylation  of  the  non-agonist  binding  subunits  in  electric  organ  and  muscle.  In 
this  case,  however,  whether  PKA  directly  phosphorylates  nAChRs  or  activates  other 
protein  kinases,  which  in  turn  phosphorylate  nAChRs,  has  not  been  investigated. 
Here,  we  show  the  in  vitro  phosphorylation  of  the  a4  agonist  binding  subunits  of 
rat  brain  nAChR  by  PKA. 

nAChR  was  highly  purified  from  rat  brains  as  previously  described.'  Purified  prepa¬ 
rations  contained  a4  and  P2  subunits.  Purified  nAChR  was  phosphorylated  by  partially 
purified  PKA,  immunoprecipitated  with  monoclonal  antibody  299  (mAb  299)  against 
a4  subunits  of  nAChR,  and  subjected  to  sodium  dodecylsulfate-polyacrylamide  gel 
electrophoresis  (SDS-PAGE)  followed  by  autoradiography.  The  reaction  mixture  con¬ 
tained  50  mM  Tris-HCl  buffer,  pH  7.4,  10  mM  MgCb,  0.2%  Triton  X-100,  4  pM 
cAMP,  18  pmol  units  of  PKA,  2  pM  (y-'^P)ATP  (5  x  10'*  cpm/pmol),  and  98  fmol 
of  ACh  binding  sites  of  purified  nAChR  in  a  final  volume  of  50  pi.  mAb  299  was  kindly 
supplied  by  Dr  Jon  M.  Lindstrom.  Incorporation  of  ‘'P  into  the  immunoprecipitate 
increased  with  time.  Most  of  the  ”P  in  the  immunoprecipitate  was  found  to  be 
incorporated  into  the  80  kD  band  corresponding  to  the  a4  subunits  on  the  autoradio¬ 
gram.  When  cAMP  was  removed  from  the  reaction  mixture,  the  80  kD  band  disap¬ 
peared  on  the  autoradiogram  (Fig.  1,  lane  3).  H8,  an  inhibitor  of  PKA,  inhibited 
completely  the  phosphorylation  (lane  5).  I'hese  results  show  the  specific  phosphoryla- 
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FIGURE  1.  SDS-PAGE  of  phosphorylatcd  nAChR  Purified  nAChR  was  phosphor\latcd  m  vitro 
by  partially  purified  PKA  for  50  min  at  25°C  under  the  indicated  conditions  H8  was  used  at  80 
pM.  After  phosphorylation,  ''P-labeled  nAChR  was  first  incubated  with  control  IgCi-Protein 
G-agarose  complex,  centrifuged  and  washed  twice  by  suspending  in  the  washing  buffer.  The  combined 
supernatant  was  incubated  with  mAh  299-Protein  G-agarose,  and  then  washed  fiee  times  In  the 
ca.se  of  lane  6.  control  IgG-Protein  G-agarose  instead  of  mAh  299-Protein  G-agarose  was  used 
The  precipitated  immunocomplex  was  incubated  with  SDS-sample  buffer  and  then  centrifuged  for 
1  min  at  1 0,000  x  g.  The  obtained  supernatant  was  subjected  to  SDS-PAGE  followed  be  autoradiog- 
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FIGURE  2.  Time  course  of  phosphorylation  of  the  o4  subunits  by  PKA  Purified  nAChR  was 
incubated  with  the  catalytic  subunits  of  PKA  at  ?0°C  for  the  indicated  time  periods  After  SDS-PAGE. 
regions  of  dry  gels  corresponding  to  a4  subunits  were  excised  and  the  radioactivities  were  determined 
by  Cerenkov  counting.  Each  point  represents  mean  +  SD  of  four  experiments. 


tion  of  the  a4  subunits  by  PKA.  Figure  2  shows  the  time  course  of  phosphorylation 
of  the  a4  subunits.  The  incorporation  of  ’^P  into  a4  subunits  was  found  to  plateau 
at  2  h.  Under  the  conditions  used,  a  maximal  stoichiometry  of  the  phosphorylation 
of  the  a4  subunits  was  0.95  mol  of  phosphate/mol  of  ACh  binding  subunits.  After 
SDS-PAGE,  ’^P-labeled  a4  subunits  were  excised  from  the  dry  gels  and  subjected  to 
limited  digestion  with  S.  aureas  V8  protease  followed  by  SDS-PAGE  autoradiography. 
The  resultant  phosphopeptide  maps  revealed  three  distinct  phosphopeptide  bands,  one 
major  and  two  minor  bands.  When  the  phosphorylated  a4  subunits  were  cleaved 
with  cyanogen  bromide,  a  sin^e  major  and  two  minor  bands  were  also  detected  on 
SDS-PAGE.  Phosphoamino  acid  analysis  showed  that  the  a4  subunits  were  phosphory¬ 
lated  exclusively  on  serine  residues.  Based  on  these  results,  we  conclude  that  PKA 
direaly  phosphorylates  the  o4  agonist  binding  subunits  of  nAChR  purified  from  rat 
brains. 

In  chick  ganglion  neuron  in  culture,  the  cAMP-dependent  process  has  been  postu¬ 
lated  to  enhance  the  conversion  of  nonfunctional  nAChRs  to  functional  one.'  In 
contrast,  treatment  of  bovine  adrenal  chromaffin  cells  with  cAMP  analogs  has  shown 
to  result  in  no  increased  nicotinic  response.''  The  present  study  opens  the  possibility 
that  PKA  panicipates  in  the  regulation  of  brain  nAChRs. 
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In  the  non-neuronal  secretory  cells,  such  as  mast  cells  and  platelets,  it  has  been 
known  that  secretion  can  be  regulated  by  Ca’ ‘-independent  mechanisms  or  by  the 
direct  modification  of  secretory  apparatus,  as  well  as  by  the  internal  Ca’ '  concentration 
((Ca^'lJ.'  The  regulation  of  secretion  in  neuronal  synapses  has  only  recently  been 
elucidated. 

We  loaded  a  Ca^  *  -chelator,  bis  (0-aminophenoxy)ethane-N,N,  A',  A'-tctraacetic  acid 
(BAPTA),  into  the  presynaptic  nerve  terminal  of  frog  neuromuscular  junction  (NMJ) 
by  incubating  a  nerve-sartorius  muscle  preparation  of  Rana  ntgromacurata  with  aceto.vy 
methyl  ester  of  BAPTA.  Then,  the  facilitation  measured  as  an  increase  in  the  amplitude 
of  end-plate  potentials  (EPPs)  during  a  train  of  10  impulses  were  greatly  decreased 
(Fig.  1,  A).^  The  facilitation  recovered  when  external  Ca’'  was  introduced  into  the 
nerve  terminal  by  making  use  of  an  ionophorc,  X537A  ’ '  This  suggested  strongly 
that  the  [Ca^'),  at  the  release  site  was  well  buffered  by  BAPTA  and  the  increase  of 
(Cam'll  upon  stimulation  decreased  rapidly  to  the  basal  level,  leaving  little  residual 
(Ca^  *  Using  this  BAPTA-loaded  condition,  we  investigated  whether  four  components 
of  nerve  stimulation-induced  increases  in  transmitter  release,  known  in  this  synapse 
to  occur  due  to  an  increase  of  |Ca’‘j,  at  the  release  site.  The  fast  component  of 
facilitation  was  completely  lost  upon  BAPI'A-loading,  but  three  slower  components 
(the  slow  facilitation,  augmentation,  and  potentiation)  remained  unaffected  (Fig. 
I.B).^'*'  Under  external  Ca^'-free  condition,  no  stimulation-induced  phasic  relea,se 
occurred,  but  both  augmentation  and  potentiation  of  miniature  end-platc  potential 
(MEPP)  frequency  were  clearly  observed  after  intensive  stimulation,  and  were  un¬ 
affected  by  loaded  BAPTA  (Fig.  l.C).'  Fhese  results  summarized  in  I'abi f  1  stronglv 
suggested  “the  residual  Ca^‘  hypothesis"  on  the  fast  component  of  facilitation  and  that 
the  three  slower  components  occur  independently  of  internal  Ca’ ' .  An  amino  residue- 
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Table  1.  Ca’* -Dependence  of  Four  Components  of  Stimulation-Induced 
Increase  of  Transmitter  Release  at  the  Frog  Neuromuscular  Junction 


Components 

Decay  Time 
Constant  (sec) 

Effect  of 
BAPTA-Loading 

Internal  Ca’ ' 
Dependence 

Fast  facilitation 

~  0.05 

Complete  loss 

Dependent 

Slow  facilitation 

O  J-0  5 

No  Change 

Independent 

Augmentation 

5-10 

No  Change 

Independent 

Potentiation 

50-100 

No  Change 

Independent 

I  modifying  reagent,  TNBS,  a  dye,  erythrosin  B,  anc  .-penonicity  were  also  suggested 

to  increase  the  release  independently  of  (Ca’*j,.’’  The  EPP  amplitudes  W'ere  little 
decreased  by  BAPTA-loading  in  most  cases  (13/1 9),  suggesting  that  the  peak  of  Ca’ ' 
concentration  around  the  Ca’*  channels  at  the  active  zone  is  little  affected  by  BAPTA 
,  due  to  rapid  supply  of  Ca’*  and  that  it  can  trigger  the  release.  Computer  simulation 

[  of  Ca’*  distribution  supported  this  inference.'’ 

It  has  recently  been  reported  that  Ca* ‘-insensitive  protein  kinase  C  is  abundant 
in  vertebrate  presynaptic  terminal  and  it  is  activated  by  arachidonic  acid,  as  well  as 
phorbol  esters.'  In  order  to  elucidate  the  molecular  mechanism  of  Ca’* -independent 
regulation  of  transmitter  release,  we  investigated  the  effect  of  arachidonic  acid  on  the 
transmitter  release  at  frogNMJ.  The  phorbol  ester  is  known  to  augment  the  transmitter 
release  at  this  synapse."  Preliminary  results  showed  that  tens  pM  of  arachidonic  acid 
(  added  in  the  external  solution  caused  about  twofold  increase  of  transmitter  release, 

!  but  reduced  greatly  the  augmentation  and  moderately  the  potentiation  (Sato  and 

I  Kijima,  in  preparation).  The  protein  kinase  C  and/ or  arachidonic  acid  might  be  respon- 

'  sible  for  Ca^ ‘-independent  regulation  of  transmitter  release  in  this  synapse. 

After  our  work,  many  reports  have  appeared,  pre.senting  evidence  of  the  Ca'  * 
independent  regulatory  mechanisms  in  both  invertebrate  and  venebrate  synapses 
Among  them  are  increase  of  release  by  serotonin  in  the  crayfish  NMj,"’  regulation 


FIGURE  1.  Stimulation-induced  increases  of  transmitter  release  in  BAP  1 /\-lo,ided  neuromuscular 
junctions  of  the  frog  (A)  Facilitation  of  EPP  amplitudes  m  a  tram  of  10  stimulations  at  100  11/  * 
EPPs  were  surface  recorded  and  1  5  traces  were  averaged  in  both  normal  (control)  and  B.\P  I  .-X-loaded 
N.MJs  Calibration:  20  msec  x  -0  2  mV  (B)  Changes  in  EPP  amplitudes  during  and  ,ifter  letanic 
450  stimulations  ai  20  Hz  After  tetanic  stimulation,  the  test  stimubitions  were  delivered  once  csers 
15  sec  6  times  and  then  once  every  4  sec  60  times  Only  augmentation  (;  ■ .  )  and 


-  .  C 

potentiation  ( - )  were  resolved  and  EPP  amplitudes  were  expressed  by  product  of  both  com|so- 

nents  (O - O)  EPPs  were  surface  recorded  and  V-1 5  records  were  aseraged  Ordinate  is  the 


relative  value  of  EPP.  setting  the  aserage  of  EPP  amplitude  before  stimulation  .is  units  I  hert 
svere  ditfcrcnccs  In  the  growth  profiles  of  FiPP  during  stimulation,  but  no  signilicant  diri'crenccs 
In  augmentation  and  pot  ion  between  BAP'f/X  loaded  and  normal  N.MJs  (C)  Augmentation 

(/\ . A)  and  potentiaoon  ( - )  of  .MEPP  frequency  unsicr  extern.il  Ca  -tree  condition 

alter  5,(X)0  stimulations  at  100  Hz.'  Normal  plots  during  (C)  and  .after  (O.  f>0)  nersc  sttmul.ttions 
A  moving  bin  display  ssas  used,  setting  the  bin  size  V  sec  and  the  step  size  '  sec  .MEPP  frecjuciics 
was  expressed  as  the  product  of  augmentation  and  potentuition  and  relative  v.ilue  is  shossn.  selling 
the  iMEPP  frequency  before  stimul.iiion  to  unity  Both  augment.ition  .tnd  potentiation  sscrc  similar 
to  BAPI  A-loaded  and  control  N.MJs 
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by  serotonin  and  FMRFamide  in  the  synapse  of  Aplysia  responsible  for  short-term 
memory,’  and  on  the  synapses  of  cultured  hippocampal  neurons."  Ca’* -independent 
regulation  mechanisms  of  transmitter  release  may  be  very  important  for  synaptic 
plasticities  relating  to  memory  and  higher  brain  functions. 
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In  rat  spinal  neurons,  the  time  course  of  ^ycinergic  inhibitory  postsynaptic  currents 
(IPSCs)  becomes  faster  during  the  first  two  postnatal  weeks.  This  is  due  to  a  switch 
in  the  ^ycine  receptor  a  subunit.'  We  have  examined  whether  the  quantal  size  of 
IPSCs  may  also  change  developmentally.  Using  whole-cell  recording  techniques  in 
thin  slices,’  we  recorded  strychnine-sensitive  spontaneous  miniature  IPSCs  (mIPSCs) 
from  dorsal  horn  neurons  {cell  capacitance  1 8-f7  pF)  in  the  presence  of  tetrodotoxin. 
CNQX,  and  bicuculline.  External  Ca’*  was  replaced  by  Mn’"  to  exclude  the  possibility 
of  events  caused  by  presynaptic  Ca^‘  spikes.  Also,  mIPSCs  with  rise  time  (10-90  %) 
slower  than  1  msec  were  excluded  from  analysis.  The  mean  conductance  of  mIPSCs 
recorded  from  one-day-old  rat  spinal  neurons  was  555  ±  164  pS  (standard  deviation, 
at  -  80  mV;  with  equimolar  CT  in  external  and  internal  solutions,  8  cells).  In  1 5-day- 
old  rats,  the  conductance  was  significantly  larger  (1 ,695  ±  561  pS,  7  cells,  p  <  0.0! , 
r-test).  The  coefficient  of  variation  was  0.65  ±  0. 1 8  in  one-day-old  animals  and  0  61  + 
0.18  in  15-day-old  animals.  In  contrast  with  the  amplitude,  no  significant  difference 
was  observed  for  the  mean  rise  time  (10-90  %)  of  mIPSCs  between  one-day-old 
(0.75  ±  0.09  msec)  and  15-day-old  (0.70  +  0.12  msec)  animals.  It  is  suggested  that 
the  quantal  size  of  glycinergic  IPSCs  increases  in  the  first  two  postnatal  w'eeks 
To  determine  whether  or  not  the  functional  density  of  glycine  receptors  changes 
during  ontogenesis,  glycine  (100  (iM)  was  bath-applied  in  spinal  neurons  The  mean 
am  ditude  of  the  glycine-induced  current  was  1.85  ±  0.49  nA(  -  80  mV^  in  or>»>  '^;ly-old 
animals  (5  cells  each  with  capacitance  of  15-50  pF),  comparable  with  that  seen  in 
15-day-old  animals  (2.17  +  0.99  nA,  5  cells  with  capacitance  of  14-22  pF)  Thus, 
the  developmental  increase  in  the  mean  amplitude  of  mIPSCs  was  not  correlated  with 
somatic  glycine  receptor  density.  The  sin^e  channel  conductance  of  glycine  receptors 
in  spinal  neurons  in  two-week-old  rats  is  not  larger  than  that  in  20-dav  embryonic 
rat.'  Therefore,  the  developmental  increase  in  quantal  size  may  be  produced  either 
by  an  accumulation  of  subsynaptic  glycine  receptors  or  bv  an  increase  in  vesicular 
transmitter  content. 
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The  glycine  receptor  (GlyR)  linked  to  Cl"  channel  is  a  major  candidate  for  the 
inhibitory  receptors  as  well  as  the  GABA  receptor  in  the  central  nervous  system  (CNS) 
of  the  mammal.  The  activation  of  the  glycine  receptor  inhibits  the  neuronal  firing  by 
increasing  the  postsyi.aptic  membrane  Cl"  conductance.'  The  fact  that  a  convulsant 
alkaloid,  strychnine,  potently  antagonizes  glycine  on  the  GlyR  makes  clear  the  impor¬ 
tance  of  the  GlyR  in  the  CNS.  In  the  present  experiments,  a  p  'amidal  neuron 
was  acutely  dissociated  from  area  CAl  of  the  rat  hippocampus  and  monitored  the 
glycine-gated  Cl”  current  of  the  neuron  under  the  voltage-clamped  condition.  We 
report  here  that  the  GlyR-operated  Cl”  current  is  blocked  by  the  well-known  psycho¬ 
stimulant  drugs,  methylxanthines  such  as  caffeine  and  theophylline. 


METHODS 

Pyramidal  neurons  were  enzymatically  and  mechanically  dissociated  from  area  CA 1 
of  the  hippocampus  of  2-weck-old  Wistar  rats,  according  to  the  previous  technique.’ 
The  ionic  composition  of  normal  external  solution  was  (in  mM):  150  NaCl,  5  KCl, 
1  MgClj,  2  CaCb,  10  Af-2-hydroxyethylpiperazinc-iV'-2-cthanesulfonic  acid  (HEPES), 
and  10  glucose.  Patch-pipette  solution  contained  (in  mM):  30  NaCl,  70  KCl.  70 
K-gluconatc,  0.25  CaCli,  I  MgCl-.  5  ATP  Mg,  5  EGTA,  and  10  HEPES.  Electrical 
measurements  were  performed  mainly  in  a  whole-cell  mode  with  the  conventional 
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whole-cell  configuration.'  Drugs  were  applied  using  a  rapid  application  method  termed 
the  “Y-tube”  technique.  All  experiments  were  performed  at  room  temperature  (20- 


22°C). 


RESULTS  AND  DISCUSSIONS 

Dissociated  CAl  pyramidal  neurons  were  perfused  with  normal  external  and  inter¬ 
nal  solutions  containing  161  and  82.5  mM  Cr,  respectively.  Under  this  condition, 
the  external  application  of  0.1  mM  ^ycine  evoked  Cl'  inward  currents  of  592 
±  1 1  7  pA  («  =  8)  at  a  holding  potential  (Vh)  of  -64  m\'.  The  U.u  was  inhibited 
by  applications  of  caffeine  in  a  concentration-dependent  manner  (Fic.l.A).  Neurons 
were  pretreated  with  caffeine  1 5  sec  before  simultaneous  application  with  0. 1  mM 
gjycine.  The  blocking  action  of  caffeine  on  the  showed  no  significant  dependence 
on  the  pretreatment  time  of  caffeine  (data  not  shown).  We  tested  the  effect  of  some 
compounds  having  methylxanthine  structure  on  the  K.k  (Fig  1,B).  Consequently, 
caffeine  and  its  analogues  inhibited  the  0.1  mM  giycine-induced  Cl'  current.  The 
inhibitory  potency  was  in  the  order  of  pentoxiphylline  >  theophylline  >  caffeine  > 
theobromine;  the  half-maximum  inhibitory  values  obtained  from  the  concentration- 
inhibition  curves  were  0.2, 0.39, 0.45,  and  1 .49  mM  for  pentoxiphylline,  theophvlline. 
caffeine,  and  theobromine,  respectively. 

To  clarify  the  mechanism  of  the  blocking  action  of  methylxanthines  on  glycine- 
induced  cr  current,  the  influence  of  caffeine  on  the  concentration-response  relation¬ 
ship  for  Ic.iy  was  investigated  (Fig.  2,A).  In  the  presence  of  1  mM  caffeine,  the  concentra¬ 
tion-response  curve  of  low  w'as  shifted  to  the  right  without  affecting  the  maximum 
value.  It  is  thus  highly  likely  that  caffeine  may  be  an  antagonist  at  a  glycine  receptor 
site.  The  voltage  dependence  of  inhibitory  action  of  caffeine  on  l(,i^  was  examined 
(Fig.  2,B).  The  current-voltage  (I- V)  relationships  for  h.w  w  ere  measured  in  the  presence 
and  absence  of  0. 1  mM  caffeine.  In  both  cases,  lc,w  reversed  the  direction  of  the  current 
at  -15  mV.  This  value  was  very  close  to  the  Cl'  equilibrium  potential  (-15.5 
mV)  calculated  using  the  Nernst  equation  from  the  given  intra-  and  extra-cellular  Cl' 
concentrations.  Thus,  caffeine  had  no  effect  on  the  Et,K  and  depres.sed  the  f,],  bv  the 
same  degree  at  every  V||.  Further,  the  inhibitory  potenev  of  caffeine  did  not  depend 
on  the  amplitudes  or  direction  of  the  current  induced  b)  glycine  'mt  on  the  concentra¬ 
tions  of  applied  agonist  (data  not  shown).  These  features  make  it  seem  less  likclv  that 
caffeine  acts  as  a  channel  blocker  of  ^ycine-actit  ated  Cl'channel. 

In  .some  preparations,  it  is  suggested  that  the  Cl"  channels  linked  to  GABA-  or 
glycine  receptors  were  negatively  modulated  by  second  messengers  such  as  C.a’ '  and 
cAMP.'"  The  intracellular  concentration  of  those  two  substances  can  be  eles  ated  bv 
caffeine  and  other  methylxanthine  derivatives.''  In  the  present  preparation,  however, 
neither  the  internal  perfusion  with  a  potent  Ca’*  chelator  (BAPTA)  nor  the  pretreat¬ 
ment  with  protein  klna.se  inhibitor  (H-8)  blocked  the  Inhibitory  action  of  caffeine 
significantly  (data  not  shown).  Even  when  the  intracellular  cA.MP  was  elevated  by 
using  potent  adenylate  cyclase  activator,  forskolin  (10  pM),  the  Uw  was  depressed  only 
less  than  10%  («  =  5).  These  results  suggest  that  the  involvement  of  the  intracellular  site 
of  caffeine  action  in  blocking  the  ^ycine  respon.se  is  negligible  or  minor  if  any 
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FIGURE  I .  Effect  of  m-thyixanthines  on  glycine-induced  currents.  (A)  Caffeine  depre.ssed  0  1  niM 
glycine-induced  Cl  current  in  a  concentration-dependent  manner  V'h  was  -64  mV  All  recordings 
were  obtained  from  the  same  neuron.  (B)  Concentration-inhibition  tunes  of  caffeine  (•),  theophylline 
(O),  theobromine  (A),  and  pentoxiphylline  (□).  The  concentration  of  applied  glycine  was  0  1  m.M 
Each  point  and  vertical  bar  represent  mean  and  ±S  E  M  from  5-8  experiments 


Based  on  the  above  observations,  we  could  conclude  that  methyixanthines  such 
as  caffeine  might  act  as  an  inhibitor  of  ^ycine  on  the  GlyR.  Several  compounds  have 
been  known  to  be  inhibitors  of  the  central  glycine  response  (for  instance,  strychnine, 
avermectin  Bla,  and  some  derivatives  of  4,J,6,7-tctrahydroisoxazolol5,4-c|pyridin-3- 
ol).*  ’  Methyixanthines  might  be  a  new  member  of  glycine  response  inhibitors  in  the 
cerebrum  or  at  least  in  CAl  pyramidal  cells.  The  blockade  of  ^ycine  response  in 
neurons  may  presumably  result  in  an  increase  of  the  neuronal  firing.  The  present 
results  may  have  relevance  to  the  behavioral  observations  that  methyixanthines  act 
as  a  kind  of  psychostimulant,  althou^  details  are  open  for  future  study 
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FIGURE  2,  Inhibitory  effect  of  caffeine  on  I(j»-  (A)  Concentration-response  curve  for  I,j>  in  the 
presence  (•)  or  absence  (O)  of  I  mM  caffeine  Neurons  were  voltage-clamped  at  -64  ni\’  All 
responses  were  normalized  to  the  peak  amplitude  induced  by  0. 1  mM  givcine  alone  (symbol  marked 
with  asterisk)  Each  point  and  vertical  bar  show  mean  and  ±S.E.M  from  6  experiments  (B)  Effect 
of  Vh  on  the  blocking  action  of  caffeine  (a)  Current  traces  at  \'iis  of  -64  and  +  !6  m\'  (b) 
Current-voltage  (I-V)  relationships  for  in  the  presenee  (•)  or  absence  (O)  of  1  mM  caffeine  All 
responses  were  normalized  to  the  peak  amplitude  induced  by  glycine  at  a  Vh  of  -  64  mV  (*).  Each 
point  and  venical  bar  show  mean  and  ±S.E.M  from  5-7  experiments.  E(i,  Cl'  equilibrium  potenti.il 
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Optical  techniques  using  voltage-sensitive  dyes  have  made  it  possible  to  monitor 
electrophysiological  events  in  living  systems  that  are  inaccessible  to  microelectrodes 
Furthermore,  optical  recording  methods  have  been  developed  into  a  powerful  tool  for 
recording  electrical  activity  simultaneously  from  many  sites  in  one  living  preparation 
Applying  these  optical  techniques,  we  have  overcome  traditional  obstacles  to  functional 
approaches  to  the  study  of  embryonic  heart  and  central  nervous  system  during  early 
development.  We  repon  here  some  results  obtained  with  optical  techniques  in  the 
early  embryonic  chick  brain  stem. 

In  slice  preparations  of  the  vagus/brain  stem  isolated  from  4-  to  9-day-old  chick 
embryos,  the  spatial  pattern  of  neural  responses  to  vagal  stimulation  and  its  development 
were  assessed  by  using  multiple-site  optical  recording  of  electrical  activity,  with  a 
voltage-sensitive  merocyanine-rhodanine  dye  (NK2  76 1  land  a  12  x  1 2-element  photo¬ 
diode  array.  Voltage-related  optical  (absorbance)  changes  evoked  by  vagus  nerve  stimu¬ 
lation  with  depolarizing  (positive)  square  current  pulses  using  a  suction  electrode  were 
recorded  simultaneously  from  127  contiguous  loci  in  the  preparation  (Fig.  1). 

The  first  neural  responses,  viz.,  fast  optical  signals  related  to  the  action  potentials 
were  recorded  in  the  4-day-old  embryonic  brain  stem  preparations.  The  slow  optical 
signals  were  detected  from  7-.  8-  and  9-day-old  embryonic  brain  stem  preparations. 
The  size  of  the  slow  signal  was  decreased  by  continuous  stimulation,  reduced  by  low 
external  calcium  ion  concentrations,  and  eliminated  in  the  presence  of  manganese  or 
cadmium  ion.  The  slow  signals  were  blocked  by  kynurenic  acid.  The  later  phase  of 

'  Address  correspondence  to  Dr.  K  Kamlno.  Department  of  Physiology.  Tokyo  .Medical  and 
Dental  University  School  of  Medicine.  l-J-45  Yushima.  Bunkyo-ku.  Tokyo  I  H.  Japan 


4J4 


MOMOSE-SATO  eta/.:  OPTICAL  MONITORING 


455 


1  2  3  4  5  6  7  8  9  10  11  12 

B  MMT 


J^. 


50  ms 


500  ms 


FIGURE  1.  Multipl  c-sitc  optical  recording  ot  neural  activity  evoked  bv  vagus  stimulation  m  an 
embryonic  chick  brain  stem  slice  preparation  I  he  slice  preparation  vs;ls  made  bv  transverse  sectioning 
of  an  8-day-oId  embryonic  l)rain  stem  at  the  level  of  the  vagus  nerve  upper  comer)  ft>sitM  e  square 
current  pulse.s  were  applied  to  the  right  vagus  nerve  fibers  by  a  suction  electrode  I  he  evoked  opCK.il 
signals  were  detected  by  the  12x1 2-elcmcnt  photodiode  array  positioned  on  the  image  of  the  right 
side  area  of  the  brain  stem  Ilie  relative  position  of  the  photodiode  matrix  array  is  illustrated  on 
the  upper  right  corner  of  the  optical  rc'cordin:^.  The  recording  was  made  w  ith  a  4  2  |iA/“  0  msec 
square  current  stimulus  Wavelength  702  ±  1  1  nm  tnlargements  of  the  optical  sign.iis  obtained 
from  three  different  jxisuions  (K-/.  H*!0.  and  CM  1)  are  shown  in  the  bottom  1  he  recordings  w ere 
made  in  a  single  sweep,  at  room  temperature  (26-28°C4 
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FIGURE  2.  (A)  I  he  effects  ol  kvnurenic  acid,  2-AF\  ,  and  ( !N'Q.\  on  the  [lostsvnaptic  dost  sipnJC'. 
in  8-day-old  embryonic  brain  stem  slices  In  the  top  traces,  kvnnrenic  acid  (1  2  m,\\)  w.e.  .tpplied. 
In  the  second.  2-APV  (200  pM)  was  applied,  in  the  third,  CNQX  0  p.M)  was  applied,  and  in 
the  last,  2-AP\'  (190  pM)  and  CNQX  (f  0  pM)  were  applied  tt'gcther  (B)  The  effect  ot'  rcniowil 
of  Mg'*  from  the  bathing  solution  in  an  8-day-old  emhrvonic  brain  stem  slice  the  norm.tl  RingerS 
solution  contains  0.5  mM  .MgCl.-  Recordings  shown  in  this  figure  were  obtained  trom  live  different 
preparations 

the  slow  signal  was  reduted  by  2-APV' (ui -2-amino- .5-phosphono\  aleric  acid),  and  the 
initial  phase  was  reduced  by  CiNQX  (6-cyano-7-nitroquinoxaline-2, 1-dione)  (I  k,  2  ,,\) 
We  conclude  that  the  slow  signals  correspond  to  excitatory  postss iiaptic  ptrtenti.ils, 
which  arc  glutamate-mediated.'  ’ 
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There  were  differences  in  the  regional  distribution  of  the  2-APV  and  CNQX 
sensitivities,  supponing  a  different  spatial  distribution  of  NMDA-  and  non-NMDA- 
rceeptors  in  the  brain  stem  during  early  embryonic  development.  VVe  have  constructed 
early  developmental  maps  of  the  spatia'  patterning  of  NMDA-  and  non-NMDA- 
subtype  postsynaptic  responses. 

In  addition,  the  later  phxse  of  the  slow  signal  was  enhanced  in  a  Mg’’ '  -free  bathing 
medium  (Fig.  2,B),  and  the  enhanced  fraction  was  sensitive  to  2-APV'  and  insensitive 
to  CNQX.  There  were  regional  differences  in  the  enhancement  of  the  slow  signals 
in  the  Mg-’*-free  bathing  medium. 

In  some  preparations  from  6-dav-old  embryonic  brain  stems,  onlv  action  potential- 
related  fast  optical  signals  were  detected  in  the  normal  bathing  solution.  However, 
in  some  loci  of  some  preparations,  postsynaptic  potential-related  slow  signals  preceded 
by  the  fi'  t  signal  appeared  in  a  Mg^’^-free  bathing  medium.  In  other  preparations  from 
6-day-old  embryonic  brain  stems,  very  small  slow  signals  were  detected  from  a  small 
restricted  area  in  the  normal  Ringer’s  solution  When  Mg’’*  was  removed  from  the 
bathing  solution,  the  slow  signals  were  enhanced,  and  new  small  slow  signals  were 
detected  from  some  additional  loci.  Therefore,  it  is  suggested  that,  .it  the  6-dav-old 
embryonic  stage,  the  NMDA-subtype  receptor-mediated  postsynaptic  function  has 
been  generated  potentially  w'ithin  the  brain  stem  and.  in  the  normal  Ringer's  solution, 
it  is  mostly  supprc.ssed  by  external  Mg'*. 
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Synaptic  boutons  are  elementary  functional  units  of  neurotransmitter  release  in 
the  central  nervous  system.'  Quantal  properties  of  individual  synaptic  boutons,  how¬ 
ever,  have  been  difficult  to  assess  direaly,  since  axons  usually  make  multiple  synaptic 
contact  with  postsynaptic  neurons.'-^  It  has  been  suggested  that  a  single  release  site 
could  release  only  one  vesicle  at  a  time^  rather  than  that  every  synaptic  vesicle  has  a 
small  probability  for  release  in  an  independent  manner.’  The  “one  vesicle"  hypothesis 
is  rather  surprising,  considering  the  fact  that  many  synaptic  vesicles  are  closely  located 
to  the  presynaptic  plasma  membrane  at  each  release  site.''  Experimental  testing  of  the 
one  vesicle  hypothesis  has  so  far  been  achieved  only  in  those  synapses  with  multiple 
release  sites,  in  which  true  numbers  of  functional  release  site  are  not  known.  In  order 
to  clearly  prove  this  hypothesis,  it  is  therefore  desirable  to  use  a  synapse  with  only 
one  presynaptic  bouton. 

Excitatory  synaptic  inputs  from  the  cortex  to  the  medium  spiny  neuron  in  the 
neostriatum  may  be  suited  for  testing  the  one  vesicle  hypothesis.  Because  each  cortical 
afferent  fiber  takes  a  relatively  straight  course,  scarcely  arborizes,'  and  forms  en  passant 
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synapse  on  a  spine  head  of  a  dendrite  of  the  neuron.''  This  anatomical  feature  makes 
afferent  fibers  form  very  few  synaptic  contacts  on  the  spiny  neuron.  We  have  therefore 
performed  quanta!  analysis  of  the  excitatory  synaptic  currents  (EPSCs)  in  the  medium 
spiny  neurons  using  the  whole-cell  recording  method.  Fine  glass  pipettes  were  used 
to  stimulate  only  one  synaptic  fiber.  We  found  that  the  distribution  of  the  unitary 
EPSCs  displayed  only  one  peak.  When  concentrations  of  extracellular  Ca’'^  were 
reduced,  the  probability  of  release  was  reduced,  keeping  the  peak  of  the  amplitude 
histogram  constant.  This  indicates  that  the  single  peak  represents  the  quantum  and 
confirms  that  only  a  single  presynaptic  fiber  was  stimulated.  It  also  suggests  that  the 
presynaptic  fiber  makes  contact  to  the  medium  spiny  neurons  with  one  synaptic 
bouton,  consistent  with  the  anatomical  features  of  cortical  afferents.  Furthermore,  it 
suggests  that  only  one  vesicle  was  released  from  the  .single  bouton.  Thus,  our  result 
mi^t  support  the  one  vesicle  hypothesis.  Alternatively,  the  apparent  single  peak  in 
the  amplitude  histogram  could  be  due  to  the  relative  scarcity  in  the  postsynaptic 
^utamate  receptors  in  the  central  nervous  system.' 


REFERENCES 

1  Walmsi.ey,  B  1991  Central  synaptic  transmission:  studies  at  the  connection  between  primary 
afferent  fibers  and  dorsal  spinocerebellar  tract  (DSCT)  neurones  in  Clerkc's  column  of  the 
spinal  cord.  Prog.  Neurobiol.  36:  391-423 

2,  Korn,  H.  &  D.  S.  Faber.  1991.  Quamal  analysis  and  synaptic  efficacy  in  the  CNS  Trends 
Neurosci.  14;  439-445 

3  Katz,  B,  1969  The  Release  of  Neural  Transmitter  Substances.  Liverpool  University  Press 

Liverpool. 

4  Heuser,  J.  E.,  T,  S  Reese,  M,  J,  Dennis.  Y.Jan.,  L.  Jan  &  L.  Evans.  1979  Synaptic  vesicle 

exocytosis  captured  by  quick  freezing  and  correlated  with  quantal  transmitter  release  J  Cicll 
Biol.  81:  275-300 

5  Kemp,  J  M.  &  T.  P.  S  Powei.e.  1971  The  struciure  of  the  caudate  nucleus  of  the  cat  Light 

and  electron  microscopy  Phil.  Trans.  R.  Soc  Lond  B  226:  383-401 
6.  Fox,  C.  A.,  A.  N,  Andrade,  D.  E.  Hillman  &  R,  C.  Schwyn,  1971,  The  spiny  neurons  in 
the  primate  striatum:  A  Golgi  and  electron  microscopic  study  J  Himforsch  13:  181-201 
7  Faber,  D  S  .  W  S.  Young,  P  Legendre  &  H.  Korn  1992  Intrinsic  quantal  variabilitv  due 
to  stochastic  properties  of  receptor-transmitters.  Science  258:  1494-1498 


Expression  of  the  al  and  a2 
Subunits  of  the  AMPA-Selective 
Glutamate  Receptor  Channel  in 
Insect  Cells  using  a  Baculovirus 
Vector 

SUSUMU  KAWAMOTO,  SATOSHI  HATTORI, 
IZUMI  OIJI,  ATSUHISA  UEDA,  Jl'N  FUKUSHIMA, 
KENJI  SAKIMURA,-  MASAYOSHI  MISHINA,*' 

AND  KENJI  OKUDA 

Department  of  Bacteriology 
Yokohama  City  University  School  of  Medicine 
d-9  Fukuura,  Kanazawa-ku.  Yokohama  2S6 


^Department  of  Neuropharmacology 
Brain  Research  Institute 
Niigata  University 
Niigata  951,  japan 


In  order  to  produce  large  quantities  of  functional  glutamate  receptor  channel  sub¬ 
units  for  structural  and  functional  analyses,  we'  constructed  recombinant  baculoviruses 
carrying  the  a  1  and  a2  subunits^  of  the  mouse  AMPA  (a-amino-5-hydroxy-5-methyl- 
4-isoxazole  propionate)-selective  glutamate  receptor  channel.  Insect  cells  infected  with 
these  recombinant  baculoviruses  produced  high  levels  of  |‘H)AMPA  binding  activities 
on  their  cell  surfaces. 


METHODS 

cDNAs  encoding  the  0 1  and  a2  subunits  of  the  mouse  glutamate  receptor  channel 
were  inserted  into  the  baculovirus  transfer  veaor  pJVPIOZ,  containing  the  P-galactosidase 
gene,  to  yield  recombinant  baculoviruses.  ('HJAMPA  binding  activities  on  the  cell 
surface  were  determined  as  described  previously.' 
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RESULTS  AND  DISCUSSION 

As  shown  in  Figl're  1,  Sf21  insect  cells  infected  with  recombinant  viruses  carrying 
the  al  and  a2  subunits  of  the  mouse  glutamate  receptor  channel  exhibited  high  levels 
of  [‘HjAMPA  binding  activities  on  their  cell  surfaces  (2—3  x  10’  binding  sites  per 
cell).  This  suggests  that  functional  al  and  a2  subunits  capable  for  agonist  binding 
were  successfully  produced  and  inserted  into  the  plasma  membrane.  The  finding  that 
the  a2  subunit  is  able  to  bind  [‘H)AMPA  is  in  accord  with  our  previous  results'  that 
the  mutant  a2  subunit,  a2-R586Q,  forms  highly  active  homomeric  glutamate  receptor 
channels,  although  the  wild-type  0.2  subunit  alone  shows  little  channel  activitv  when 
expressed  in  Xenopus  oocytes.  Effects  of  various  agonists  and  antagonists  on  ['HjAMPA 
binding  of  the  al  subunit  expressed  in  Sf21  cells  are  in  good  agreement  with  those 
of  the  a  1  subunit  expressed  in  Xenopus  oocytes  (Fig  2).  Thus  the  baculovirus-insect  cell 


FIGURE  I,  Specific  I ‘fl|AMPA  binding  activity  of  haculovirus-infcwd  Sl2 1  cells  Sf2  1  cells  were 
placed  in  1 2-well  dishes  and  infected  with  wild-type  (Wn,  a  I  -adrenergic  receptor  reconibin.int  (.\R), 
glutamate  receptor  a  I  subunit  reeombinam  (al),  a2  subunit  recombinant  (a2)  b,iculoMruses,  or 
with  medium  only  (Mock)  At  5  days  [Kist-lnfeetlon,  a  j 'HjAMPA  binding  .issav  was  performed 
Data  are  presented  as  mean  ±  SEM  (tj  =  3) 
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FIGURE  2,  Effect  of  various  compounds  on  I'HIAMPA  binding  activity  of  the  recombinant  gluta¬ 
mate  receptor  a  1  subunit  expressed  in  baculovirus-infected  Sf2 1  cells  Sf21  cells  were  placed  in  I2-«cll 
dishes  and  infected  with  a  1  subunit  recombinant  baculovirus  At  S  days  post-infection,  a  I'HlA.MP A 
binding  assay  was  performed  in  the  presence  of  each  compound  (1  nM)  Q.A,  quisqualate.  L-Glu. 
L-glutamate;  KA,  kainatei  CNQX.  6-cyano-7-nitroquinoxiine-2.5-dione:  DNQ.\.  6.7-dinitroquin- 
oxaline-2,3-dione;  Kyn.  kynurenate;  NMDA.  N-methyl-o-aspartatc.  D-Glu.  o-glutamate  Data  arc 
presented  as  mean  +  SEiM  (n  =  3) 


expression  system  affords  the  possibility  of  high-efficiency  expression  of  the  glutamate 
receptor  channel  protein  for  biochemical,  pharmacological,  and  electrophvsiological 
studies. 
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The  E  and  (,  subfamilies  of  the  ^utamate  receptor  channel  subunit,  designed  as 
the  el.  e2,  ei,  84,  and  i^l  subunits,  constitute  the  7V-methyl-D-aspartate  (NMDA) 
receptor  channel  in  the  mouse  brain.'  ''  Functional  properties  of  the  z/C,  heteromcric 
NMDA  receptor  channels  are  determined  by  the  constituting  E  subunit  species.'  ' 
Furthermore,  the  four  e  subunit  mRNAs  exhibit  distinct  distributions  in  the  developing 
and  mature  brains.^"  Therefore,  we  surest  that  the  molecular  diversity  of  the  e 
subunit  family  underlies  the  functional  diversity  of  the  NMDA  receptor  channel.  In 
this  report,  we  have  specified  the  spatio-temporal  changes  in  combinatory  expressions 
of  the  NMDA  receptor  channel  subunit  mRNAs  in  several  brain  regions  by  in  situ 
hybridization  histochemistry. 

Sequences  of  the  45-mer  oligonucleotide  probes  and  procedures  for  in  situ  hybridiza¬ 
tion  were  described  previously.'  Briefly,  the  probes  radiolabeled  by  "S-dAl  P  were 
hybridized  to  adjacent  horizontal  sections  of  the  mouse  brain  at  embryonic  day  1 5 
(El  5)  and  postnatal  days  I  (Pi)  and  21  (P21).  After  washing,  sections  were  exposed 
to  X-ray  film  for  10  days. 

Figure  1  shows  drastic  changes  in  distribution  of  respective  NMDA  receptor  chan¬ 
nel  subunit  mRNAs  during  brain  development.  In  general,  hybridizing  signals  for  the 
i^l,  e2,  and  e4  subunit  mRNAs  appeared  in  the  brain  at  fetal  stages  (Fig.  l.A-C., 
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G-1,  M-O).  As  the  brain  maturates,  the  signals  for  the  e2  suliunit  niRNA  became 
restricted  to  the  torebrain,  and  the  signal  levels  ot  the  e4  subunit  niRNA  decreased 
in  the  brain  except  for  the  olfactory  glomerular  layer.  On  the  other  hand,  signals  for 
the  El  and  £3  subunit  niRNAs  appeared  in  postnatal  brains  (Fig.  1  ,D-F,  J-L).  In  the 
olfactory  bulb,  signals  for  the  Ql  and  £2  subunit  mRNAs  were  detected  in  the  mitral 
cell  layer  at  El  5,  and  various  combinatory  expressions  of  the  five  subunit  mRNAs 
were  notable  in  different  layers  of  the  olfaaory  bulb  at  P2 1 .  The  cerebral  cortex  and 
the  caudate- putamen  expressed  the  ^1  and  £2  subunir  mRNAs  at  El. S'  and  PI,  and 
the  1^1 ,  £1,  and  e2  subunit  mRNAs  at  P2  1 .  The  hippocampal  pyramidal  cells  expressed 
the  t^l  and  £2  subunit  mRNAs  at  El  5,  and  the  i^l,  El,  and  £2  subunit  mRNAs  at 
PI  and  P2 1 .  On  the  other  hand,  distinct  signals  for  thei^l ,  El ,  and  £2  subunit  mRNAs 
appeared  in  the  granule  cells  of  the  dentate  gyrus  at  P2  1 .  In  the  septum,  hybridizing 
signals  for  the  (^1,  £2,  and  £4  subunit  mRNAs  were  detected  at  El.S  and  PI,  and 
weak  signals  for  the  El  subunit  mRNA  also  appeared  at  P2  1 .  The  thalamic  nuclei 
expressed  the  i^l ,  £2,  and  £4  subunit  mRNAs  at  El  5  and  PI ,  and  various  distribution 
patterns  of  the  five  subunit  mRNAs  were  observed  in  the  thalamus  at  P2  1  The 
brainstem  showed  hybridizing  signals  for  the  CT  e2,  and  £4  subunit  mRNAs  at  El ' 
and  PI .  Thereafter,  weak  signals  for  the  El  subunit  mRNA  appeared  in  the  brainstem, 
whereas  those  for  the  £2  subunit  mRNA  disappeared  The  developmental  changes 
in  combinatory  expressions  of  the  NMDA  receptor  channel  subunit  mRNAs  arc 
summarized  in  Table  1. 

The  present  study  has  disclosed  the  region-specific  and  neuron  type-specific  changes 
in  expressions  of  the  four  £  subunit  mRNAs  during  brain  development.  In  contrast, 
the  1^1  subunit  mRNA  is  present  ubiquitously  from  fetal  to  adult  stages.  These  findings 
suggest  that  the  distribution  of  the  four  £  subunits  are  highly  differential  in  the  brain 
in  vivo  both  spatially  and  temporally,  which  w'ould  result  in  the  functional  hetcrogencit  v 
of  the  NMDA  receptor  channel  at  various  brain  regions  and  developmental  stages. 


Table  1 .  Summary  of  Developmental  Changes  in  Combinatory  Expressions 
of  the  NMDA  Receptor  Channel  Subunit  mRNAs 


Regions 

El  5 

PI 

P21 

Olfactory  bulb 

Perigiomerular  cells 

Cl.  e2,  64 

Cl ,  el .  62,  et,  64 

Mitral  cells 

Cl,  E’ 

Cl.  £2 

Cl ,  el ,  r.2,  6.1 

Granule  cells 

- 

Cl.  62 

Cl,  El.  £2 

Cerebral  cortex 

Cl,  f.2 

Cl.  £2 

Cl .  El ,  e2 

Caudate-putamen 

Cl.  C2 

Cl.  £2 

Cl.  El.  E2 

Hippocampus  (Pyramidal  cells) 

Cl.  £2 

Cl.  El.  £2 

Cl.  El.  62 

Dentate  gyrus  (Granule  cells) 

- 

- 

Cl,  El,  62 

Septum 

Cl.  £2.  £4 

Cl.  £2,  £4 

Cl,  El.  E2,  64 

Thalamus 

Cl.  E2.  £4 

Cl.  £2.  £4 

Cl  ,  El  .  e2.  6.1,  £4 

Brainstem 

Cl.  £2.  64 

Cl.  £2.  E4 

Cl,  El.  £4 

not  expressed. 
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L-Clutamate  (Glu)  mediates  a  variety  of  neuronal  responses  through  activation  of 
its  receptors,  which  arc  classified  into  several  subtypes.  In  the  vertebrate  nervous 
system,  the  Glu  receptors  (GluRs)  are  generally  known  to  cause  depolarizing  responses 
In  the  cerebellum,  Glu  is  a  candidate  for  the  neurotransmitter  at  the  two  excitatory 
inputs  to  Purkinje  cells,  the  climbing  and  parallel  fibers  Fast  postsynaptic  potentials 
at  both  synapses  are  mediated  most  likely  by  non-NMDA  subtvpcs  of  ionotropic 
GluRs  (iGluRs).  Metabotropic  GluRs  (mGiuRs)  are  also  expressed  in  Purkinje  cells, 
and  mGluR-mediatcd  Ca^‘  release  from  intracellular  stores  in  Purkinje  cells  has  been 
reported,  although  their  physiological  role  not  clear.  VVe  found  a  novel  type  of  (ilu 
response  in  Purkinje  neurons  of  mouse  cerebellar  slices,  namely  glutamate-induced 
hyperpolarization  (GH). 

We  applied  Glu  or  its  analogues  iontophorcticallv  to  Purkinje  cell  dendrites  in 
mouse  cerebellar  slices,  and  measured  membrane  potential  through  intracellular  micro- 
pipettes,  or,  in  some  ca,ses,  carried  out  whole— cell-clamp  recording.  GH  was  observ  ed 
in  30  out  of  49  adult  Purkinje  cells  (Fig.  I  ,A)  This  response  was  not  due  to  activation 
of  inhibitory  interneurons,  because  application  of  tetrodotoxin  (  ITX),  bicucullinc,  or 
strychnine  did  not  abolish  GH.  In  addition,  GH  persisted  in  a  Ga’ ’-free  or  a  low-('.l 
solution,  which  rules  out  the  involvement  of  gKitJi  or  GABAs  mechanisms.  Selective 
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agonists  tor  non-N.\'\DA  type  iClluRs,  AMPA  and  kainate,  tailed  to  induee  h\  perpolar- 
i/ation  (flt.s  l.B.  and  2,B),  and  (IN'QX,  which  is  a  selectne  and  poienl  antagonisi 
tor  non-NiWDA  type  iCiluRs,  did  not  affect  GH  (Fit.  l.B)  N.WDA  also  tailed  to 
induce  hyperpolari/ation  Quisqualate (Quis,  Fig  1  .B)  and  tnirii- 1 -amino- 1 .  s-ss  clopeii 
tanedicarhoxylic  acid  (t.AGPD),  which  are  potent  and  selective  agonists  respectivels 
tor  the  mCiluR,  tailed  to  induce  GFI  i-2-aniino-Fphosphonohut\ric  acid  (i-AP4i. 
which  IS  known  to  cause  hyperpolari/ation  in  bipolar  cells  in  the  retina,  was  also 
ineffective  Simultaneous  recording  of  electrical  activity  and  intracellular  Ga  concen¬ 
tration  (|Ga''|,)  showed  that  CiFI  was  not  accomplished  by  |Ga'  |,  changes  (Fit.  2) 
\  ’oltage  clamp  experiments  showed  that  CiH  w  a.s  due  to  reduction  of  a  lomc.ilK  aeiiv  e 
conductance  with  a  reversal  potential  around  0  m\’  (Fig  I  .C) 

Iwo  possible  mechanisms  are  suggested  for  GFf  (I)  changes  in  the  desensiti/ed 
steady  state  ot  tGluRs(DS)  or  (2)  a  novel  Cilu-mediated  mechanism  It  the  dose-responw 
relationship  of  DS  is  bell-shaped'  and  background  Glu  concentration  w  as  maintained 
by  leakage  from  an  lontophoretic  tip.  which  might  drive  iGluRs  on  Purkin|c  cell 
dendrites  into  DS,  a  further  Glu  election  trom  the  tip  could  result  in  reduction  ot 
the  inward  current  through  the  iCiluRs  However.  the.''e  are  discrepancies  between 
our  results  and  the  bell-shaped  feature  ot  DS  reported  by  Geoffrov  ct  j/  Fir't.  in  our 
work,  GNQ.X  was  not  effective  against  GH,  but  they  reported  that  DNC^X.  (jIu 
antagonist  analogous  to  GNQ.X,  shifted  the  bell  shape  SecontI,  thev  showed  that 
Quis  and  AMPA  also  have  a  bell-shaped  dose-response  relationship  in  DS.  but  vv  c 
vlid  not  observe  hyperpolari/ation  by  those  drugs  1  hus.  it  is  not  clear  w  hether  ,i  shift 
in  DS  level  could  in  fact  explain  (iH  Fhere  is  a  candidate  for  a  novel  Glu-medi.it evl 
mechanism  In  depo!ari/ing  bipolar  cells  of  the  retina.  Glu  induces  hv  perpolari/ation 
In  closing  a  cCi.ViP-sensitive  ion  channel  through  G-protein  mediated  cG.WP  level 
control.  It  IS  reasonable  to  im.igine  that  a  similar  process  t.ikes  jvlace  in  cerebellar 


FIGURE  1.  lA)  ( ilui,im.ite-iniKKecl  >k[v<>l.iri/aiion  .iml  hv|x  rpdl.iriraiinn  nt  .i  Purkinic  cell  in  ,> 
ccreliellar  slice  triini  an  .uiuli  nmuse  (ilu  w.is  applied  lonioplinreiicaliv  (^0  n A.  '0  mcec.  honromal 
liars  iiiuler  the  ir.ices)  ai  ihe  middle  [xinion  ol  ihe  molecular  laver  Imti.illv  ihe  reepnnee  lo  (ilii 
ol  rhi'  c  ell  »  ac  depolari.'.uioii  ( I ).  in  18  cec.  ai  ihe  nexi  { .In  appluaiion,  ii  ehanyed  to  h  v  perpolan/.iiion 
Kill.  2}  Ihe  membrane  potenii.il  ve.w  held  below  -  m\  b\  lonsiani  hv  perpolari/ing  current 
(  -  0  '  nAl  in|ecled  through  ihe  inir.icellul.ir  recording  electrode  S.ilmc  containing  F  I  \  ( 1  (J.Ml  .in. I 
hieuc'ulhne  ( 10  p.\I)  cea.c  cupertuced  const  anti  v  <B)  (^UG  and  kain.ite  .lo  not  mimic  the  h\  perpol.iri/inc 
etlect  1)1  C/lti  (ilu  ( 70  n.A,  80  msec)  induced  hv[Hr|>olanAUion.  vs  hile  (^ins  l ’0  nA,  '  msec )  or  kainate 
(20  n.A.  20  msec)  induced  c)e|x>Iari/alions  (upper  traKs)  Depolari/aiion  iiulucecl  bv  t^uis  or  k.nn.ilc 
vs  as  reduced  liv  const.int  sti[Kr1usion  ot  s.Uine  containing  (NQX  (2  s  p.\U,  vs  hile  (ill  w  ,is  unatlecic  d 
(/rrti'CT  tract))  Drugs  vs  ere  e|ecletl  lontophorelic.illv  through  sep.ir.lte  barrels  ot  the  same  three-baric  lled 
pipette  (C)  Reversal  (lotenti.ll  ol  ( .1  (  was  revealed  to  be  close  to  O  ni\  In  vv  liole  cell  nro.le  v  oli.igc 
clamp  recording  GM  was  observed  .is  .in  outss.ird  current  .it  negative  membr.ine  [lotenii.ils  which 
rev  ersed  at  positive  membrane  |)otentials  (left)  I  he  hori/ont.il  bar  indicates  ( .lu  application  (  urrent 
vcihage  relationships  ol  recording  trom  iwci  cells  (open  rectangle  the  same  cell  indicated  m  the  Icit 
tr.ice.  Cilu,  80  nA.  I  f()  msec,  tilled  triangle,  another  Rurlsin|e  cell.  ( .lu  70  iiA  100  msec  1  .ire  indii  .ile.l 
(rifrbt)  lontophoretic  pipettes  w  ere  pl.iced  in  the  middle  jHirtions  ol  the  molecuiar  lav  ers.  and  vs  hole  cell 
clamp  recordings  w  ere  carried  out  .it  the  soinaia  Both  cells  were  in  cerebellar  slices  trom  a  I  2  d.iv  -ol.l 
mouse,  and  were  recorded  in  a  solulion  containing  I'l  \  ( I  p.M)  and  hicuciilline  (  10  p  .M) 
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FIGURE  2.  GH  is  not  accomfcir^icd  by  changes  in  |C'.a' '  j,  Ciombined  current-clamp  and  micrortiior- 
ometric  <fura-2)  rccordinp  were  carried  out  from  Purkinjc  cells  supertused  seith  saline  containing 
7~TX  (0  I  a  nM)  and  'll•■u'.ulllm■  (10  nM)  (A)  When  Glu-induced  depolarization  [top  trace).  |(ia  '  j 
transients  were  measured  in  the  dendritic  region  close  to  the  iontophoretic  tip  (1  and  2)  OnK  small 
(3)  or  no  (4)  |Ca’'),  changes  were  detected  in  the  dendrites  distant  from  the  iontophoretic  tip  (B1 
GH  was  never  accompanied  by  changes  in  jCa’  ’  |,  AMPz\  was  applied  from  another  barrel  of  the  same 
multi-barrclled  iontophoretic  pipette,  which  caused  depolarizatKinfw/)  trace),  and  |C.i  ' '  |,  i  ransients  w  ere 
recorded  at  points  close  to  the  tip  of  the  iontophoretic  pipette  (T.  ft.  and  7)  Arrow  he.id.  intracellular 
recording  electrode;  double  arrow  heads,  iontophoretic  pipette  l-S,  locations  sshere  lluorescence 
was  measured,  vertical  scale,  20  mV  for  electrical  recording  and  20'';  change  for  fura-2  fluorescence 
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Purkinje  cells.  Recently,  several  types  of  mGluRs  have  been  identified.  Some  of  these 
could  have  a  role  in  the  production  of  GH. 
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INTRODUCTION 

The  voltage-gated  calcium  channels  (VGCCs)  are  a  highly  diverse  group  of  ion 
channels  found  in  most  cells.  The  VGCC  present  in  skeletal  muscle  consists  of  five 
subunits  termed  the  al,  a2,  P,  y,  and  8.'  The  five  subunits  are  encoded  bv  four 
genes  as  the  a2  and  8  subunits  and  are  derived  from  a  common  pro-protein  bv 
post-translational  cleavage.^  Alternative  splicing  of  exons  has  been  shown  to  occur  in 
a  I ,  P,  and  y  subunits  and  recently  an  alternative  splicing  mechanism  has  been  proposed 
in  the  a2  gene.'  We  investigated  the  tissue  expression  profile  of  each  of  the  main 
proposed  domains  of  the  a2-8  gene  using  clones  corresponding  to  the  full  length  a2-8 
gene  from  the  mouse  neuroblastoma  x  rat  gjioma  line  NG108-1.L 

'  A.  S.  Wlerr.bicki  was  supported  by  a  Medical  Research  Council  (CK)  training  lellowship 
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METHODS 

Tissue  samples  of  brain,  lung,  kidney,  liver,  skeletal,  and  cardiac  muscle  were 
obtained  from  freshly  killed  mice.  Total  RNA  was  prepared  from  0.5  g  aliquots  of 
homogenized  tissue  by  the  method  of  Chomchynski  and  Sacchi.''  Twenty  pg  of  total 
RNA  were  separated  by  electrophoresis  and  blotted  by  the  method  of  Fourney  et  al. ' 
cDNA  clones  corresponding  to  the  a2-6  gene  from  the  NG108-I5  cell  line  were 
isolated  from  specially  primed  cDNA  libraries  by  hybridization  screeningf  initially 
with  a  rabbit  skeletal  muscle  a2-5  PCR  product  (bp  2512-1 155)  '  The  approximate 
span  of  the  five  clones  corresponding  to  the  a2-6  gene  are  shown  in  Figure  1 .  The 
northern  blots  were  hybridized  at  42°C  in  6  x  SSC,  0  5%  sodium  dodecyl  sulfate. 
10  X  Denhardt’s  solution,  10%  dextran  sulfate,  50%  formamide,  100  pg/ml  of 
sonicated  boiled  herring  sperm  DNA,  and  10“  cpm/ml  of  ’^P-dCTP  labeled  probe. 
The  probes  comprised  the  purified  inserts  from  the  cDNA  clones.  Blots  were  washed 
at  high  stringency  (0. 1  x  SSC,  0. 1  %  sodium  dodecyl  sulfate  at  50°C)  and  autoradio- 
graphed  for  5-7  days  at  -  70°C  with  intensifying  screens. 


FIGURE  I .  A  schematic  model  of  the  alpha-2  and  delta  proprotein  inserted  into  the  memhrane 
showing  the  segments  covered  by  the  five  eDNA  clones  encoding  the  NG108-I  5  a2-6  gene 
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Table  1.  The  Results  of  Nonhern  Blots  of  Mouse  Tissues  (Brain,  Lung, 
Kidney,  Liver,  Skeletal,  and  Cardiac  Muscle)  Hybridized  with  NG108-15 
a2-5  A.gtlO  Library  Clones  Covering  the  Whole  NG108-18  a2-6  Gene 


Clone 

Region  Covered 

Base  Pairs 

Tissue  ( + ) 

NGl 

6 

2828-5303 

brain,  lung,  skeltal  muscle,  liver 

NG3 

a 2  intracellular 

999-2768 

brain 

NG4 

02  N  terminal 

-6-1364 

brain,  lung,  skeletal  muscle,  liver,  heart,  kidney 

RESULTS 

The  three  clones  NGl.242,  NG3,  and  NG4  were  used  to  probe  northern  blots 
as  Ng2.h41  and  HG5  overlapped  portions  of  Ngl  .242,  which  spans  almost  all  of  the 
5  peptide  portion  of  the  gene.  The  results  of  screening  with  the  probes  are  shown 
in  Table  1.  The  NG108-15  a2-8  gene  is  transcribed  as  a  8.5  kb  mRNA  (data  not 
shown)  and  hybridizing  homologous  bands  of  similar  size  were  only  found  in  mouse 
tissues.  Hybridization  of  the  8  probe  NGl  .242  was  faint  in  comparison  with  the  two 
a2  domain  clones  (NG?  and  NG4). 


DISCUSSION 

Calcium  channel  diversity  is  generated  by  alternative  splicing  and  separate  genes 
in  the  case  of  the  a  1  subunit  and  alternative  splicing  have  been  identified  in  the  (5 
and  Y  genes.'  A  number  of  differing  size  mRNAs  have  been  described  for  the  a2-8* 
but  evidence  for  tissue  variation  has  been  limited.  The  02-6  genes  identified  to  date 
seem  to  be  highly  homologous  over  the  whole  protein  and  shew  little  variation  ’ 
Two  putatively  alternatively  spliced  variants  of  the  rat  spinal  cord  02  gene  have  been 
described  differing  in  a  deletion  of  19  amino  acids  at  positions  507-526'  ’  and  with 
a  seven  amino  acid  insenion  at  lysine602'’  or  threonine6i-'  within  the  main  intracellular 
domain.'  This  study  confirmed  previous  experiments  in  which  the  NG108-1.5  o2-6 
gene  had  been  shown  to  be  present  in  the  ancestral  mouse  neuroblastoma  line  N 1 8TG2 . 
It  suggests  that  variation  in  the  intracellular  domain  of  the  22-S  gene  occurs  in  specific 
tissues  and  the  presence  of  a  brain-specific  ponion  of  the  gene. 


CONCLUSION 

The  o2-8  gene  may  show  similar  mechanisms  for  generating  diversity  to  those 
seen  in  other  subunits  comprising  the  voltage-gated  calcium  channel. 
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Substance  P  (SP)  is  a  member  of  the  tachykinin  family  and  is  widely  distributed 
in  the  central  and  peripheral  nervous  systems.  Recent  immunohistochemical  studies 
suggest  the  presence  of  SP  in  the  guinea  pig  cochlea.'  However,  little  is  known  about 
the  physiological  function  of  SP  in  the  cochlea.  In  other  preparations  SP  modulates 
K%  Ca^*,  Cl",  and  non-selective  cation  channels.^'  There  are  several  lines  of  evidence 
that  SP  regulates  ionic  channels  via  G-protein  in  either  cytoplasmically  dependent  or 
independent  pathways. ’  *  The  aim  of  the  present  study  is  to  elucidate  the  cellular 
mechanism  of  the  SP-induced  response  in  the  outer  hair  cells  (OHCs)  of  guinea  pig 
cochlea  using  the  patch  clamp  technique  in  both  the  conventional  whole-cell  and  the 
perforated-patch  configurations. 

OHCs  were  dissociated  from  the  organ  of  Coni  of  the  guinea  pig  cochlea  and  drugs 
were  applied  using  the  “Y-tube”  method,  as  previously  described.  U nder  current-clamp 
condition,  SP  generated  hyperpolarization  in  OHCs  at  a  resting  potential  of  -61 
mV  using  the  perforated-patch  configuration.  At  a  holding  potential  (V'n)  of  -  60 
mV,  SP  elicited  outward  currents  in  a  dose-dependent  manner.  The  average  amplitude 
of  3  X  10' '  M  SP-induced  currents  (Isps)  was  60  +  22  pA  (mean  ±  S.D.,  w  =  3  7). 
The  half-maximum  concentration  was  14  jiM  and  the  Hill  coefficient  was  2.5.  100 
|iM  neurokinin  A  induced  small  currents  in  two  out  of  eight  cells.  Neurokinin  B  did 
not  induce  any  detectable  currents  in  concentrations  up  to  100  pM  in  four  cells  tested. 
The  reversal  potential  of  Rp  (Esp)  obtained  by  a  ramp  command  potential  in  the 
conventional  whole-cell  configuration  was  -4,1  ±  0.6  mV  (mean  ±  S.E.M.;  n  = 
5).  When  approximately  half  of  the  intracellular  Cl'  was  replaced  with  equimolar 
^uconate",  there  was  little  effect  on  the  Esp-  The  Esp  was  shifted  negatively  by  about 
12  mV  when  two-thirds  of  the  extracellular  Na*  was  substituted  with  Tris*  (Fig.  1). 

‘  Address  all  correspondence  to:  N.  Akaikc,  Ph  D  .  Department  of  Ncurophyslologs'.  l  ohoku 
University  School  of  Medicine,  Sendai  980,  Japan 
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SP  ■“  -  - 

IDS 


FIGURE  2.  Effects  of  GDPPS  and  pertussis  toxin  (PTX)  on  Isp  (A)  Isp  was  recorded  using  the 
conventional  whole<ell  mode  with  patch-pipettes  containing  200  pM  GDPPS  at  a  Vn  of  -60  mV 
Isp  diminished  at  10  min  Horizontal  solid  bars  indicate  the  application  period  of  SP  (B)  Isp  was 
recorded  using  the  conventional  whole-cell  mode  with  patch-pipette  containing  1  pg/ml  PTX  at  a 
Vm  of  -60  mV.  The  Isp  remained  relatively  constant,  whereas  the  ACh-induced  outward  current 
diminished  within  6  min.  Horizontal  open  and  solid  bars  indicate  the  application  period  of  ACh 
and  SP,  respectively.  SP  was  applied  every  three  minutes.  Each  dashed  line  indicates  the  zero  current 
level. 
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these  results  suggest  that  SP  decreases  a  non-selective  cation  conductance.  In  further 
studies,  we,  therefore,  examined  the  ionic  permeability  of  the  Isp  for  several  monovalent 
cations.  In  this  experiment,  150  mM  external  Na*  was  replaced  with  50  mM  Cs" 
or  Li*  and  100  mM  Tris*.  Neither  external  Li*  nor  Cs*  produced  a  significant  shift 
in  the  Esp  compared  with  the  one  obtained  using  50  mM  external  Na* .  To  investigate 
Ca^*  permeability,  50  mM  NaCl  in  the  external  solution  was  replaced  with  25  mM 
CaCL.  External  Ca^*  produced  a  significant  positive  shift  in  the  Esp  with  the  average 
of8.8  +  I.7mV(n=  3).  Based  on  the  Esps  obtained  with  extracellular  ion  replacement, 
the  relative  ion  permeability  of  the  channel  modulated  by  SP  was  in  the  order  of: 
Ca'*  >  Li*  =  Cs*  Na*  >  Tris*. 

We  next  investigated  the  cellular  mechanism  of  the  SP-induced  current.  In  OHCs 
dialyzed  with  200  pM  GDPPS  through  the  patch  pipette  at  a  Vm  of  -60  mV,  the 
Lp  diminished  at  approximately  10  min.  When  OHCs  were  dialyzed  with  I  pg/ml 
penu.ssis  toxin  (PTX)  iluough  the  patch  pipette,  the  Isp  remained  for  over  20  min 
whereas  the  ACh-induced  current,  which  is  mediated  via  a  PTX -sensitive  G-protein, 
completely  diminished  within  1 0  min  (Fig.  2).  These  results  suggest  that  the  SP  response 
is  mediated  by  a  PTX-insensitive  (j-protein.  Isp  was  little  affected  when  OHCs  were 
loaded  with  10  mM  BAPTA  in  the  patch-pipette,  suggesting  that  intracellular  calcium 
is  not  involved  in  generation  of  the  SP-induced  response.  Staurosporine  up  to  10 
M  did  not  affect  the  Isp,  suggesting  that  protein  kinase  C  and  protein  kinase  A  is  not 
involved  in  the  SP  response. 

The  results  suggest  that  SP  decreases  a  non-selective  cation  conductance  in  the 
OHCs  of  guinea  pig  cochlea  and  that  this  occurs  via  a  PTX-insensitive  G-protein  in 
cytoplasmically  independent  pathways. 
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Lipid  mediators  constitute  a  distinct  class  of  bioactive  molecules  that  display  a 
variety  of  biological  activities  in  various  organs.'  In  order  to  elucidate  the  physiological 
function  of  lipid  mediators  such  as  prosta^andins,  leukotrienes,  or  platelet-activating 
factor  (PAF)  in  the  central  nervous  system  (CNS),  we  investigated  two  candidate 
receptor  pathways  that  functionally  activate  or  are  activated  by  these  lipid  mediators 
somatostatin  receptor  (SSTR)’  and  platelet-activating  factor  (PAF)  receptor  ' 

Based  upon  published  nucleotide  sequences  for  SSTR  I  and  SSTR2  /  '  we  isolated 
a  new  subtype  of  somatostatin  receptor  from  a  rat  hippocampal  cDNA  library  using 
PCR  and  cross-hybridization  strategy  (Bito  et  al. .  unpublished  data).  The  cloned  cDNA 
(SS-H  3)  was  stably  expressed  in  Chinese  Hamster  Ovary  (CHO)  cells  and  the  pharmaco¬ 
logical  character  of  the  cloned  receptor  was  examined.  Both  somatostatin- 1 4  (SSI 4) 
and  somatostatin-28  (SS28)  displaced  the  binding  of  iodinated  SS-14  at  an  IC<,)  of 
nM  order,  with  a  higher  specificity  for  SSI 4.  Both  SS 14  and  SS28  strongly  inhibited 
the  cAMP  accumulation  activated  by  forskolin.  Functional  coupling  of  somatostatin 
receptor  to  arachidonic  acid  release  through  Gi  protein  was  also  shown.  These  data 
suggest  a  possible  involvement  of  arachidonic  acid  and/or  its  metabolites  as  functional 
messengerfs)  downstream  of  somatostatin  receptor-mediated  signal  transduction  in 
the  CNS,  especially  in  the  hippocampus  where  the  cloned  receptor  is  highly  expressed 
(Table  1). 

Taking  advantage  of  the  cloning  of  PAF  receptor  as  the  first  successful  example 
of  lipid  autocoid  receptor  cloning,*'  we  isolated  the  rat  PAF  receptor  cDNA,  determined 
its  distribution  in  the  rat  CNS,  and  examined  the  PAF  function  in  cultured  rat  hippo- 
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Table  1.  Functional  Coupling  of  the  Cloned  Hippocampal  Somatostatin 
Receptor  (SS-H3)  to  V'arious  Effector  Systems  through  G  Protein 


Receptor 

Coupled  G  Protein 

Coupled  Fffector  Svstem 

Reterence 

SSTRl 

Unknown 

Unknown 

8 

SSTR2 

Unknown 

Unknown 

8 

Clone  SS-H3 

IAP*sensiiivc 

Inhibition  of  cAMP  synthesis 
arachidonate  release 

(unpublished  data) 

campal  neurons.  (Bito  et  al,  unpublished  data).  Brain  PAF  receptor,  which  was  sug¬ 
gested  to  be  identical  to  peripheral  PAF  receptor,  was  quite  uhiquitousU  distributed 
in  the  CNS.  Moreover,  we  discovered  that  PAF  mobilizes  Ca’ '  mobilization  in  rat 
hippocampal  neurons  and  observed  that  some  PAF  receptors  colocalized  on  the  same 
cells  as  NMDA  receptors.  PAF-mediated  Ca’’  signaling  may  thus  plav  a  modulators 
role  in  the  neuronal  signal  transduction  in  the  hippocampus 

From  our  study,  we  propose  that  different  lipid  mediators  can  be  ss  nthesized  upon 
physiological  stimuli  including  neurotransmitter/ neuropeptide  receptor  activation  and 
may  act  either  as  a  second  messenger  within  the  cell  or  as  a  first  messenger  after  relea.se 
outside  of  the  cells. 
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A  potent  mammalian  vasoconstrictive  peptide,  endothelin- 1  (E I  •  1 )  has  a  neuron.il 
function  as  well  as  vasoconstrictive  action.  El  - 1  causes  the  receptor-mediated  act  i\  ation 
of  phosphoinositide-specihc  phospholipase  C  (Pl.C.)  to  produce  two  second  messengers, 
diacylglycerol  (DAG)  and  inositol- 1 ,4,.T-trisphosphate  (IPd  DAG  ser\es  as  an  endoge¬ 
nous  activator  of  protein  kinase  C  (PKG).  and  IP;  induces  (,a  mohili/ation  trom 
intracellular  stores.  Also,  influx  of  extracellular  (.a' '  through  a  plasma  membrane 
channel  may  contribute  to  an  increase  in  intracellular  C.a  '  concentration  (|Ga  j,) 
On  the  other  hand,  a  vasoactive  intestinal  contractor  (\  K,),  which  differs  trom  El  -2 
in  one  amino  acid  residue  and  is  expressed  in  intestinal  cells,  but  not  in  endothelial 
cells,  has  differential  contractile  activities  on  mouse  ileum  and  pig  coronary  artery, 
and  much  less  information  is  available  about  its  signal  pathway  In  order  to  gain  insight 
into  the  signaling  mechanism  of  El-1  and  VIC,,  we  have  examined  phosphoinositide 
turnover  by  measuring  the  mass  contents  of  IPi  and  DACi,  and  also  measured  the 
ICa-'l,  level  in  NG108-1,^  neuroblastoma  x  glioma  hybrid  cells  Furthermore,  we 
observed  the  effects  of  El'-l  on  membrane  currents  in  whole-cell  patch-clamped 
NG108-15  cell  to  compare  with  those  evoked  by  bradykini..,  which  is  known  to 
activate  two  putative  second  messengers  of  phosphoinositide  metabolites 

ET-1  and  VIC  caused  the  receptor-mediated  activation  of  phosphoinositide-speciflc 
phospholipase  C  in  NG108-l  .f  cells,  IP,  was  generated  in  response  to  10  nM  EI  -l 
or  VIC.  the  mean  peak  value  increased  to  24  or  74  from  8  pmol/  10  cells,  respectivth 
Pretreatment  with  penussis  toxin  (P’O  suppressed  VIC.-mediated  generation  ol  IP;, 
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FIGl’RE  I.  Effects  of  VIC  and  ET  I  on  |Ca'  |,  level  in  N'GIOS-I  f  cells  \'IC,'  (10  n.Vli  o!  E  l  l 
(10  nM)  was  added  to  fura  2-Ioaded  NG108-I5  cells  in  the  presence  of  1  8  mM  Ca’’  (A,  Bl  or  1 
mM  EG  TA  (C,  D)  The  rise  m  [C.a'  l,  induced  by  either  ET-1  or  VIC  w  as  suppressed  in  the  presence 
of  EGTA,  suggesting  that  there  were  two  pathways  to  produce  the  |Ca’ '  ],  rise,  influx  from  outside 
the  cell  and  intracellular  mohdization  by  IP, 

but  not  IPi  production  induced  by  ET-1 ,  indicating  the  selective  effect  of  PT  on  VIC' 
response.  DAG  was  also  generated.’  Upon  stimulation  with  10  nM  VIC,  NG108-1 
cells  showed  the  biphasic  accumulation  of  DAG;  first  a  transient  phase  and  then  a 
sustained  phase.  The  time  course  of  the  first  peaks  of  DAG  production  vs  as  consistent 
with  those  of  IPi  formation,  indicating  that  the  second  sustained  phase  ot  agonist- 
induced  DAG  accumulation  originates  from  phospholipid(s)  other  than  phosphoinosi- 
tide.  The  initial  transient  of  DAG  accumulation  in  40  nM  Quin  2/AM-preincubated 
cells  to  chelate  intracellular  Ca^*  was  panially  decreased,  whereas  the  second  phase 
of  DAG  production  was  completely  abolished,  indicating  the  Ca’’  dependency  of 
the  second  DAG  accumulation.  [Ca^’l,  assay  in  a  single  cell  using  fura-2  revealed  that 
both  peptides  increased  |Ca'  *  ],  transiently  (Fig.  1 , A  and  B).'*  The  rise  in  |Ca‘ '  ],  induced 
by  either  10  nM  ET-1  or  10  nM  VIC  was  suppressed  in  the  presence  of  1  mM  EG  TA 
(Fig.  1  ,C  and  D).’'  This  suggests  that  there  were  two  pathways  considered  to  produce 
the  increased  (Ca^*),  level;  influx  from  outside  the  cell  and  mobilization  from  intracellu¬ 
lar  stores  by  IPi.  External  application  of  ET-1  or  VIC  initially  elicited  the  outward 
current  associated  with  increased  conductance  and  subsequently  the  inward  current 
associated  with  decreased  conductance  in  whole-cell  voltage-clamped  NG108-1  .f  cells 
(Fig.  2, A).  Inhibition  of  the  voltage-dependent-M  potassium  current  was  apparently 
observed  during  the  inward  current  induced  by  ET-1  (Fig.  2,  Ac).  In  steady-state 
current-voltage  relationships,  the  outward  rectification  associated  with  M  current  devel¬ 
opment  above  -60  mV  before  application  of  ET-1  became  moderate  during  the 
ET-l-induced  inward  current  (Fig.  2,B).  The  ET-1  or  VIC-induced  current  was  compa- 
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FIGURE  2.  Effect  of  ET-1  on  membrane  currents  in  two  NGI08-lf  cells  (A)  An  ET  I-mJuccd 
current  In  a  whole-cell  voltage-clamped  NG108-1  5  cell  The  membrane  potential  was  stepped  from 
the  holding  potential  of  -  30  mV  to  -  50  mV'  for  500  msec  at  3-scc  intersiils  to  measure  input 
conductance  Upper  trace  is  the  current  change  induced  by  focal  application  of  E  T-l  (3  nl.  100  nM) 
on  the  cell  at  the  time  indicated  by  the  arrow  The  initial  outward  current  is  associated  with  an 
increase  in  conductance  and  the  subsequent  inward  current  is  associated  w  ith  decreased  conductance 
I  he  lower  traces  (a-c)  show  expanded  current  records  at  the  time  indicated  in  upper  trace  Notice 
the  difference  of  holding  current  level  in  a-c  The  extracellular  solution  was  Dulbecco's  modified 
Fiagle's  medium  (DMEM)  and  the  pipette  solution  contained  90  mM  K  acetate,  20  niM  KUl,  40 
mM  HEPLS,  3  mM  MgCl,,  and  3  mM  EGTA,  pH  7  4  with  KOH 

(B)  Current-voltage  relationships  obtained  in  another  cell  liefbre  adding  E  l- 1  (O)  and  during  the 
inward  current  induced  by  ET-1  (•)  The  current  was  measured  as  the  displacement  from  the  original 
holding  current  at  the  end  of  a  series  of  incremental  5(K)  msec  voltage  steps  from  a  holding  [xitcmi.il 
of  -  30  mV 
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table  to  that  evoked  by  bradykinin,  which  is  known  to  activate  the  Ca’ ' -dependent 
potassium  and  cationic  currents  and  inhibit  voltage-dependent-jM  potassium  current 
induced  by  IP)  and  DAG,  the  two  putative  second  messengers  of  phosphoinositide 
metabolites  in  NG108-15  cells. ^  However,  the  frequency  encountered  in  the  ET-1 
or  VIC  responses  was  not  as  much  as  that  of  the  bradykinin  responses  in  NG 108-1 S 
cells. 
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Adenosine  3',5'-cyclic  monophosphate  (cAMP)  has  been  shown  to  be  an  intracellu¬ 
lar  messenger  mediating  or  modulating  the  transmitter-induced  responses  of  various 
cells  in  different  animals.  Kehoe'  has  reported  that  intracellularly  injected  cAMP  blocks 
the  K* -dependent  response  of  the  Aplysia  neuron  to  arecoline.  a  muscarinic  agonist.  We 


cAMP  injection 
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FIGURE  1.  Blocking  effect  of  an  intracellular  injection  of  cAMP  on  dopamine  (DA)-induccd  K' 
current  All  records  were  obtained  from  the  same  cell  under  voltage-clamp  at  -  60  m\'  Upw  ard  is 
outward.  DA  (100  pM)  wa.s  applied  to  the  cell  by  perfusion  Intracellular  application  of  cAMP  was 
made  30  sec  prior  to  the  test  trace  in  the  middle  The  injection  was  made  by  pressure  pulses  of  0  2- 
3  .0  kg/cm’  with  a  duration  of  100- 3(X)  msec.  The  downward  rectangular  pulses  appearing  periodically 
from  the  baseline  indicate  the  change  in  membrane  conductance  during  the  response 
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are  interested  in  testing  whether  the  blocking  effect  of  cAMP  is  specific  to  K'  -dependent 
response  of  the  muscarinic  receptor  or  common  to  all  K* -dependent  responses. 

Application  of  DA  also  induces  a  slow  hyperpolarizing  response  associated  with 
an  increase  in  K*  permeability  in  the  identified  neurons  of  Aplysia.  We  have  proven 
previously  that  this  response  is  mediated  by  activation  of  a  GTP-binding  protein 
(G-protein)  that  is  sensitive  to  pertussis  toxin.'  Intracellularly  injected  cAMP  depressed 
this  DA-induced  K*-current  response  (Fig.  1).  The  cAMP-induced  depression  was 
augmented  in  the  presence  of  either  IBMX,  a  phosphodiesterase  inhibitor,  or  okadaic 
acid,  a  phosphatase  Inhibitor.  The  DA-induced  response  was  also  depressed  by  intracel¬ 
lularly  injected  catalytic  subunit  of  cAMP-dependent  kinase,  suggesting  that  the  protein 
kinase  A  is  involved  in  the  depressing  effect  of  cAMP. 

Previously,  we  reported  that  the  K*  channels  regulated  by  DA  in  these  cells  could 
be  activated  simply  by  raising  temperature  from  22  to  32°C,  without  stimulating  the 
DA  receptor.’  '*  Intracellular  application  of  GTPyS  produces  an  opening  of  this  K' 
channel  by  activating  the  G-protein  irreversibly.  Neither  warm-induced  nor  GTPyS- 


FIGURE  2.  Effects  of  intracellularly  injected  cAMP  on  the  K' -dependent  responses  to  I).\  and 
raising  temperature  from  2  3  to  31°C  The  change  in  temperature  was  monitored  as  show  n  in  the 
bottom  right  All  recordings  were  obtained  from  the  same  cell  voltage-clamped  at  -  70  m\'  I'hc 
effect  was  examined  30  sec  prior  to  each  test  with  100  pM  dopamine  or  raising  temperature  as 
shown  in  the  middle  row  The  recovery  was  observed  2t  min  later  and  show  n  at  the  bottom 
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induced  K  ‘  response  was  depressed  by  injected  cAMP  (Fig.  2)  or  the  catalytic  subunit 
of  protein  kinase  A. 

We  concluded  from  these  results  that  (/)  the  blocking  effect  of  cAMP  might  be 
due  to  activation  of  protein  kinase  A  and  (2)  the  acting  site  of  protein  kinase  A  could 
be  somewhere  between  the  receptor  and  GTP-binding  protein,  but  not  the  K  *  channels 
themselves. 
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INTRODUCTION 

3-Adrenergic  receptors  are  present  in  lymphocytes'  and  the  agents  but  not 
p-adrenergic  agonist,  which  raise  cyclic  AMP,  modulate  Ca^  *  flux  stimulated  by  conca- 
navalin  A,  and  alone  mobilize  Ca^*  in  T-cells;^ '  however,  the  role  of  P-adrenergic 
receptors  in  signal  transduction  in  T-cells,  which  contribute  to  the  immune  system, 
is  less  known.  We  have  examined  the  signal  transduction  system,  including  G  protein 
and  cytosolic  Ca^*  ((Ca^‘))„  by  p-adrenergic  receptor  in  human  T-cell  line  Jurkat. 


METHODS 

Jurkat  human  leukemia  T-cells  were  maintained  under  5%  C02-95%  O:  in  RPMl 
1640  medium  supplemented  with  10%  fetal  bovine  serum,  penicillin  (50  U/ml), 
streptomycin  (50  ng/ml),  and  t-glutamine  (300  (ig/ml).  Membranes  of  Jurkat  cells 
were  subjected  to  SDS/PAGE  and  immunologically  stained  with  the  antibodies, 
RM/1,  AS/7,  QL,  and  GC/2,  for  a  subunits  of  G  proteins,  Gs,  Gi,  Gq,  and  Go, 
respectively.  Furthermore,  enhanced  chemiluminescence  method  was  used  as  a  de¬ 
tecting  system.  (Ca^‘|,  was  estimated  from  the  fluorescence  of  fura-2-loaded  Jurkat 
cells  as  described  before. 


RESULTS  AND  DISCUSSION 

As  shown  in  Figure  1,  a  subunits  of  G  proteins  were  detected  in  Jurkat  cells 
The  antiserum  with  specificity  for  Gsa  reacted  with  two  polypeptides  with  apparent 
molecular  weights  of  42  and  52  kD,  though  their  role  in  signal  transduction  in  Jurkat 
cells  is  as  yet  unknown.  The  antiserum  with  specificity  for  Gia  weakly  reacted  with 
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figure  2 .  Effects  of  isoproterenol  (ISP),  prostaglandin  E,  (PGE,).  and  8-<4-ch)orophenylthio)-cvclic 
AMP  (CPT<AMP)  (kft),  which  increase  cyclic  AMP  accumulation,  and  anti-CD?  antibody  OKT? 
(right),  which  causes  inositol  phosphate  produaion,  on  (Ca’'!.  in  Jurkat  cells  |Ca'-J,  uas  measured 
in  fura-2— loaded  cells  as  described  under  Methods. 


a  polypeptide.  Furthermore,  Gqa  was  recognized  by  an  antiserum  with  specificity 
for  Gqa.  However,  no  Goa  was  deteaed.  Figure  2  shows  that  1 0  pM  of  isoproterenol 
(ISP)  caused  an  increase  in  [Ca^*l„  after  which  it  declined  to  a  sustained,  elevated 
level.  A  rise  in  (Ca^*),  induced  by  ISP  was  mimicked  by  10  pM  prostaglandin  E,, 
which  increases  cyclic  AMP  accumulation  in  Jurkat  cells,  as  well  as  by  1  mM  8-{4- 
chlorophenylthio)-cyclic  AMP  (CPT-cyclic  AMP),  which  is  membrane-permeable  cy¬ 
clic  AMP,  On  the  other  hand,  CD3  monoclonal  antibody  OKT3,  which  increases 
inositol  trisphosphates,  caused  a  larger  increase  in  [Ca'*),  than  that  induced  by  ISP, 
PGE|,  or  CPT-cyclic  AMP. 

These  data  suggest  that  the  3-adrenergic  receptor  may  couple  to  G  protein  and 
that  cyclic  AMP  accumulated  through  the  activation  of  G  protein  may  regulate  the 
immune  system  via  Ca^*  in  Jurkat  cells. 
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Potassium  channels  in  the  type  B  photoreceptor  of  Hermissenda  are  persistenth' 
inactivated  after  the  acquisition  of  associative  learning  and  memory-  A  number  of 
recent  studies  suggested  that  the  monosynaptic  release  of  GABA  from  pre-synaptic 
hair  cell  terminals  onto  a  postsynaptic  B  cell  has  been  considered  to  be  the  loci  of 
the  K*  channels  modifications.'-^  Further,  a  classical  inhibitory  GABA-ergic  synaptic 
response  in  the  B  cell  is  transformed  into  an  excitatory  response  following  the  paired 
stimulus  of  conditioning.'  Neither  the  conventional  microelectrode- voltage-clamp  nor 
the  patch-clamp  measurement  with  an  axotomized  type  B  cell  is  adequate  to  characterize 
the  mechanism  of  GABA-induced  K‘  channel  modulation.  We  applied  the  slice-patch 
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FIGURE  1.  CiABA  induced  currents  at  the  type  B  photoreceptor  tiABA  (10  pM)  induced  the 
inward  current,  which  blocked  by  1 00  p.Vl  bicuculline.  followed  bv  the  outward  current  I'he  ret  ersal 
potentials  of  the  inward  and  the  outward  currents  were  -  40  to  -  60  ni\'  and  -  90  ni\  '.  respect leele 
The  membrane  was  clamped  at  -60  mV'  (absolute) 


technique  to  the  intact  soma  membrane  of  an  axon  bearing  the  type  B  photoreceptor 
to  elucidate  the  mechanism  of  the  postsynaptic  event  bv  the  activation  of  GABAb 
receptor.  Type  B  cell  was  whole-cell  clamped  in  Na-frce  ASVV  replaced  bv  choline- 
chloride.  Application  of  10  pM  GABA  initially  induced  the  inward  current  followed 
by  the  longlasting  outward  current  at  the  membrane  potential  of  -60  mV  and  the 
initial  inward  current  had  a  reversal  potential  of  -40  to  -60  mV,  which  was  the 
intermediate  equilibrium  potential  of  Cl  and  K' .  On  the  other  hand,  the  cell  pre¬ 
treated  with  GABA,^  antagonist,  100  pM  bicuculline,  application  of  GABA  induced 
solely  the  outward  current,  which  reversed  at  the  membrane  potential  of  -90  mV 
coincident  with  the  potassium  equilibrium  potential.  Progressive  enhancement  of  volt¬ 
age-  and  calcium-dependent  current  K  j  k  was  observed  in  the  hicuculline-containing 
GABA  solution  being  untouched  Ia-  This  enhancement  was  even  unaffected  bv  low¬ 
ering  the  external  calcium  from  10  to  1  mM.  Since  GABA  did  not  modulate  the 
voltage-dependent  calcium  current  across  the  type  B  soma  membrane,  this  enhancement 
was  thought  to  be  due  to  the  elevation  of  cytosolic  calcium  propagated  along  the 
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axon  from  the  terminal  branch  via  GABAb  receptor  activation  by  exogenous  GABA 
application.  This  calcium  propagation  was  revealed  by  the  Fi'ra-2  (Ca^*),  imaging 
These  experiments  suggest  that  intracellular  calcium  elevation  in  the  synaptic  terminals 
affects  regulation  of  ionic  currents  across  the  cell  soma  membrane  60-80  pm  away. 
The  present  findings  together  with  the  calcium  propagation  confirm  that  the  pairing 
of  specific  changes  of  the  soma  K*  current  is  mediated  by  GABA-induced  Ca’'  rise. 

REFERENCES 

1  Matzel,  L  D  &  D.  L.  Alkon.  1991  GABA-induced  potentiation  of  neuronal  excitability  occurs 
during  pairings  with  intracellular  calcium  elevation  Brain  Res.  554:  77-84 

2.  Alkon,  D.  L  .J  V.  Sanchez-Andres,  E.  Ito.  K  Oka,  T  Yoshioka  &  C.  Collin  1992  Long-term 

transformation  of  an  inhibitory  into  excitatory  GABA-ergic  synaptic  response.  Proc  Natl 
Ac.  '  Sci.  USA  89:  11862-11866. 

3.  Alkon,  D  L  ,  C.  Collin,  E.  Ito,  T  J  Nelson,  K  Oka,  M  Sakakibara.  B  G  Schru  r.s  & 

T.  Yoshioka.  1993.  Molecular  and  biophysical  steps  in  the  storage  of  a.ssociative  memory 
Ann  N  Y.  Acad.  Sci  707:  In  press 


Inhibition  of  the  Vesicular  Release 
of  Neurotransmitters  by 
Stimulation  of  GABAb  Receptor 

K.  TANIYAMA.  M.  NIWA,  Y.  KATAOKA, 

AND  K.  YAMASHITA 

Department  of  Pharmacology  II 
Nagasaki  University  School  of  Medicine 
Sakamoto,  I -1 2-4 
Nagasaki  8$2.  Japan 


INTRODUCTION 

Since  the  y-aminobutyric  acid-B  (GABAb)  receptor-mediated  inhibition  of  nor¬ 
adrenaline  (NA)  release  from  the  atrium  was  first  noted  in  a  study  by  Bowerv  et  al..' 
there  has  been  much  documentation  on  the  GABAb  receptor-mediated  response  in 
the  central  and  peripheral  nersous  systems. ’ '  Stimulation  of  GABAb  receptor  has 
been  shown  to  close  the  Ca’"  channels  and  to  open  the  K'  channels.  Such  GABAb 
receptor-mediated  modulation  of  ion  channels  may  correspond  to  the  inhibition  of 
neurotransmitter  release  from  the  nerve  terminals  It  is  proposed  that  the  ncurotraiismii- 
ters  are  releaseiJ  in  the  cxocytotic-vcsicular  and  non-vesicular  manners:  N’A  is  released 
from  adrenergi ;  nerve  terminals  mainly  in  a  vesicular  manner,  and  acetylcholine  (ACh) 
is  released  from  cholinergic  nerve  terminals  in  vesicular  and  non-vesicular  manners.^ 
Thus,  this  paper  was  focused  on  the  GABAb  receptor-mediated  modulation  of  the 
vesicular  release  of  NA  and  ACh 


IDENTIFICATION  OF  VESICULAR  AND  NON-VESICULAR 
RELEASES  OF  NA  AND  ACH 

Application  of  either  high  K‘  or  ouabain  to  the  medium  evoked  the  release  of 
NA  from  the  slices  of  cerebellar  cortex  and  ileal  strips  and  the  release  of  ACh  from  the 
ileal  strips.' High  K' -evoked  release  was  external  Ca^  ’  dependent,  but  ouabain-evoked 
release  was  Ca^*  independent.  There  is  accumulating  evidence  that  protein  kinase  C 
(PKC)  is  involved  in  the  exocytotic-vesicuiar  release  of  neurotransmitters.''  "  Fhe 
phosphorylation  of  vesicle-associated  protein  by  PKC  as  well  as  Ca’ ' /calmodulin- 
dependent  protein  kinase  and  cyclic  AMP-dependent  protein  kinase  no  doubt  contrib¬ 
utes  to  the  exocytotic-vesicuiar  release  of  neurotransmitters."’  "  An  activator  of  PKCb 
12-0-tetradccanoyl-phorbol-l  3-acetate  (TPA)  potentiated  the  Ca' ' -dependent  high 
K' -evoked  release  of  NA  and  ACh  from  the  slices  of  guinea  pig  cerebellar  cortex  and 
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ileal  strips,  respectively  (Fig,  I)."  The  potentiating  effect  of  FPA  ua.s  not  mimicked 
by  4a-phorbol-12,l  3-didecanoatc.  the  men  derivative  of  phorbol  ester,  and  was  antago¬ 
nized  by  sphingosine,  a  compound  that  inhibits  the  activity  of  PKC  On  the  other  hand, 
the  Ca’  '-independent  ouabain-evoked  release  of  NA  and  ACh  was  not  potentiated  by 
activation  of  PKC  (Fig.  1).  Thus,  the  depolarization  of  nerve  terminals  with  high 
K*  evokes  the  vesicular  release  of  neurotransmitters,  however  ouabain  evokes  the 
non-vesicular  release.  Although  the  mechanism  of  ouabain  action  in  neurotransmitter 
release  remains  unknown,  ouabain  is  assumed  to  induce  a  non-vesicular  release  of 


FIGURE  I .  R.t  entiation  l)y  protein  kina.sC'C!  activation  of  the  high  K'  evokeJ  rekuw  o(  NA  .uiJ 
A(!h  (rom  guinea  pig  cerelK’llar  slices  and  ile;il  strips,  respect ivelv,  l)ui  not  ol  the  (ui.diam-eNoked 
release  I  FA  (10  M)  or  4-a-Fl)l)  (10  M)  was  added  to  the  medium  1  ^  mm  lietore  and  during 
application  ot  KC\  (40  mM)  or  ouabain  (0  I  miM) 
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neurotransmitters."  Ouabain  depolarizes  the  plasma  membrane  of  nerve  terminals  due 
to  inhibition  of  Na',  K*-ATPase,  and  this  seems  to  be  the  primary  step.  There  is 
the  concept  that  intracellular  Na*,  increased  by  inhibition  of  Na' ,K'-ATPase  with 
ouabain,  leads  to  the  release  of  Ca’*  from  intracellular  Ca*'  storage  sites,  and  this 
may  result  in  a  release  of  neurotransmitter.*  However,  free  intracellular  Ca  concentra¬ 
tions  do  not  seem  to  increase  in  the  presence  of  ouabain. 


GABAa  RECEPTOR-MEDIATED  INHIBITION  OF  VESICULAR, 

BUT  NOT  NON-VESICULAR  RELEASE 

Stimulation  of  GABAb  receptor  inhibited  the  high  K'  -evoked  release  of  NA  and  ACh. 
but  not  the  ouabain-evoked  release  *  GABA  inhibited  the  high  K  -evoked  release  ot 


FIGURE  2,  Inhibition  bv  CIABAb  rc-ccpior  siiniulation  of  the  high  K  ' -evoked  releaie  ol  N  A  .ind 
AC:h  from  guinea  pig  cerebellar  slices  and  ileal  strips,  respextively,  liui  not  of  the  ouabain-esoked 
release  C.ABA  (10  '  M)  or  baclofen  (BAC,  10  '  M)  was  added  to  the  medium  2  min  betore  and 
during  application  of  K(J  (40  niM)  or  ouabain  (0  I  mM) 
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NA  from  the  cerebellar  slice.s  and  ACh  from  the  ileal  strips  (Fig.  2).  The  inhibitory 
effect  of  GABA  was  mimicked  by  baclofen,  a  GABAb  agonist,  but  not  by  muscimol, 
a  GABAa  agonist,  and  antagonized  by  phaclofen,  a  GABAb  antagonist.  On  the  other 
hand,  neither  GABA  nor  baclofen  inhibited  the  ouabain-evoked  release  of  NA  and 
ACh.  Thus,  the  GABAb  receptor  appears  to  participate  in  inhibiting  the  vesicular  but 
not  the  non-vesicular  release  of  neurotransmitters.  Stimulation  of  the  GABAb  receptor 
has  been  shown  to  decrease  the  Ca'*  current  in  dorsal  root  ganglion  cells  and  to 
induce  a  hyperpolarization  of  hippocampal  pyramidal  cell  membranes  due  to  an  increa.se 
in  K'  conductance.' '  The  GABAb  receptor  expressed  in  oocytes  by  injection  with 
mRNA  from  the  rat  cerebellum  appears  to  be  coupled  to  K"  channels. therefore 
an  increase  in  K*  conductance  may  contribute  to  the  GABAb  receptor-mediated 
inhibition  of  neurotransmitter  relea,se,  especially  NA  from  the  cerebellar  cortex. 
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Previous  studies'  ’  of  molluscan  and  mammalian  neural  networks  have  implicated 
a  sequence  of  changes  in  associative  memory  storage:  (7)  elevation  of  |Ca’'),  and 
DAG  (diacylglycerol);  (2)  activation  of  Ca’*-calmodulin-depcndent-rype  II  kinase  and 
activation  of  PKC  (protein  kinase  C);  (})  phosphorylation  of  a  low  molecular  weight 
G-protein  called  cp20;  (4)  persistent  reduction  of  postsynaptic  voltage-dependent  K' 


FIGURE  1 ,  (A)  I'yplcal  HPl.C!  tracings  of  proteins  from  eye  of  a  Hemmsenda  sub|ected  to  random 
light  and  rotation  (Random),  a  naive  animal  (Naive),  or  an  animal  sul)|ccted  to  light-rotation  pairing 
(Paired),  prepared  as  in  Table  1'  and  chromatographed  on  an  lon-exchange  (A.\-?00)  column  (0  m 
0.6  M  sodium  acetate,  pH  7  4)  Each  chromatogram  represents  proteins  from  a  single  Hmmssmda 
eye  A  baseline  (derived  from  a  chromatogram  with  no  injection)  has  been  subtracted  from  each 
digitized  chromatogram  Zero  is  set  at  O  ff  for  the  random  tracing.  0  If  for  naise,  and  0  0  for 
paired.  Peaks  with  Ik  <27  min  were  not  analyzed  I  he  peak  with  a  tR  of  .H  O  min  was  analvzed 
as  the  sum  of  two  peaks  The  peak  at  tk  58.0  was  variable  among  animals  About  80  to  8S'';  of 
injected  proteins  eluted  in  the  nonretained  fraction  between  0  and  10  mm  and  lietween  is  and  28 
min  (S)  Identification  of  cp27  and  cp20  as  phosphoproteins.  Seventeen  naive  Hermissmda  eves  were 
incubated  at  1  5'’C  for  6  h  with  I  1  n(aofcarrier-free|‘’P|Pi.  then  homogenized.  centrifugeddO, 000 g. 
7  sec),  and  chromatographed  by  AX-300  ion-exchange  HPl.C.  Fractions  (0  2  mm)  were  collected 
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JOl 


Retention  time  (min) 


Slice  number 


and  the  radioactivity  determined.  Distinct  peaks  of  '’P  Incorporation,  coinciding  with  the  absorbance 
peaks,  were  visible  for  cp2  7  and  cp20  In  all  chromatograms  (n  =  5)  Fractions  1 5  7  and  1 46  correspond 
to  peaks  with  retention  times  of  18  2  to  38  4  and  40  0  to  40.2  min.  respectively  I'his  experiment 
was  done  with  a  different  AX- 300  column  than  the  other  experiments  in  this  paper  A  blank  of  3  5  dpm 
was  subtracted  from  each  data  point.  (C-E)  SDS  polyacrylamide  gel  profiles  of  conditioning-associated 
proteins  (C)  cp27,  (D)  cp20,  and  (E)  cpl8  from  Hermissmda  eyes  were  combined,  homogenized, 
and  chromatographed  as  In  <A).  Fractions  corresponding  to  each  peak  t>f  interest  were  combined, 
desalted,  lyophilized,  dissolved  in  2  pi  of  water,  and  incubated  with  0  2.5  mCi  of  |'M|acetic  anhydride 
in  2  pi  for  1  h  at  25°C  (C  and  E)  or  1.25  2  mCi  In  10  pi  of  dimethyl  sulfoxide  (DMSO)  for  18  h 
(D).  Excess  acetic  anhydride  was  removed  by  lyophilizjtion  and  samples  were  subjected  to  SDS-PAGF 
(10%  acrylamide)  Gel  slices  |2  mm  for  (C)  and  (E).  2  7  mm  for  (D)]  were  solubilized  and  tbe 
radioactivity  determined  About  1  x  10  g  of  protein  are  present  in  (D)  and  (E),  and  5  x  10  '  g 
in  (C)  Blanks  of  40  to  50  dpm  have  been  subtracted  from  (C)  and  (E)  and  1,000  dpm  from  (D) 
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currents  (Ia  and  Ic);  (5)  alteration  of  intraaxonal  particle  transport;  and  (6)  changes 
in  distribution  of  postsynaptic  terminal  branches.  Many  related  studies  from  our  labora¬ 
tory  indicate  that  the  G-protein,  cp20,  is  a  critical  transforming  molecule  during 
learning  and  memory.  Cp20,  for  example,  directly  regulates  voltage-dependent  K' 
channels,’  retrograde  transport  of  intraaxonal  particles,  turnover  of  mRNA,  and  neu¬ 
ronal  branching  architecture.  Thus,  all  of  the  profound  neuronal  transformations 
produced  by  learning  are  reproduced  by  cp20  elevation  within  neuronal  targets.  This 
transformational  role  of  cp20  during  memory  storage  may  share  common  features 
with  the  transformational  role  of  v-ras  during  oncogenesis.  These  parallel  roles  are 
suggested  by  the  striking  functional  homology  in  the  regulation  of  both  K*  and  Ca’ " 
channels  demonstrated  by  cp20  and  v-ras  protein.'’  In  search  of  neurotransmitter 
pathways  that  lead  to  activation  of  PKC,  calcium/calmodulin  type  11  kinase,  and  then 
cp20,  in  both  invertebrate  and  venebrate  networks,  we  have  now  identified  GABA 
as  an  important  neurotransmitter  between  neuronal  pathways  reponding  to  temporally 
associated  sensory  stimuli.  Recent  evidence,  for  example,  indicates  that  in  the  visual- 
vestibular  network  of  Hermissenda,  statocyst  hair  cells  release  GABA  onto  type  B 
visual  cell  terminal  branches.  At  this  synapse  we  found  that  a  classical  inhibitory 
GABAergic  synaptic  response  is  transformed  into  an  excitatory  response  following 
pairing  of  statocyst-stimulated  release  of  GABA  and  light-induced  depolarization  of 
the  type  B  cell.’  The  stimulus  pairing  that  caused  this  synaptic  transformation  closely 
followed  stimulus  conditions  used  to  train  the  intact  animals.  Current-  and  voltage- 
clamp  experiments  suggest  that  this  synaptic  transformation  is  due  to  a  shift  from  a 
GABAa-  and  GABAe-mediated  increase  of  Cl“  and  K*  conductance  to  a  GABA- 
mediated  decrease  of  conductance.  Fura-2  imaging  of  [Ca^*],  suggests  that  pairing- 
specific  prolongation  of  [Ca^'),  elevation  contributes  to  this  synaptic  transformation 
as  well  as  previously  reported  reduction  of  K*  channels  at  spatially  separate  membrane 
loci  on  the  type  B  cell.  Furthermore,  associative  learning-specific  changes  of  these 
[Ca^*  j,  signals  remain  for  many  days  in  the  memory  storage  period.  Still  other  evidence 


FIGURE  2.  lype  B  responses  to  GABA  and  hair  cell  impulses  are  transformed  from  inhibitory 
to  excitatory  after  light-GABA  pairings  (A)  Diagram  of  the  experimental  preparation  (B)  Under 
current-clamp  conditions,  after  10  min  of  dark  adaptation,  the  l  ype  B  photoreceptor  responds  to 
a  flash  of  light  with  a  depolarizing  generator  potential  accompanied  by  enhanced  impulse  actit  ity 
One  sec  after  the  4-sec  light  onset,  a  ?-sec  puff  of  GABA,  indicated  by  horizontal  bar,  was  delivered 
at  the  terminal  branches.  (C)  After  three  light-CiABA  applications  at  90  sec  mtcrsals.  the  initial 
hyperpolarizing  response  to  GABA  (upper  trace)  was  transformed  into  an  excitatory  response  (lower 
trace).  Dashed  line  indicates  level  (-60  mV)  of  resting  membrane  potential  (D)  Following  three 
light-GABA  pairs,  the  B  cell’s  endogenous  hyperpolarizing  response  (left)  to  HC  stimulation  with 
1  sec,  1  nA  current  pulses  (bottom  traces)  was  transformed  into  depolarization  (right  traces)  Both 
hyperpolarizing  and  depolarizing  responses  became  negligible  at  about  -  80  mV  1  he  traces  here  arc 
typical  examples  of  1 2  independent  replications  in  1 2  independent  animals.  Dashed  lines  indicate  resting 
level  of  membrane  potential.  Some  impulse  peaks  were  filtered  from  the  records  (E)  Current-clamp 
recordings  of  the  postsynaptic  response  to  GABA  in  0  Na'  ASW  The  early  hypcrptilarizaton  had 
a  reversal  potential  of  about  -80  mV,  and  the  later  depolarizing  phase  was  minimal  at  potentuils 
more  negative  than  -  60  mV  (F)  Hyperpolarizing  responses  (before  pairing)  evoked  by  GABA  puffs 
are  accompanied  by  a  decrease  of  input  resistance  of  the  B  cell,  while  depolarizing  responses  (after 
pairing)  are  accompanied  by  an  increase  of  input  resistance  measured  by  200  msec,  hyper[X)larizing 
( -  1  nA)  pulses  ' 
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suggests  that  a  similar  transformation  of  GABAergic  synaptic  transmission  occurs  in 
mammalian  brain.  Since  such  GABA-synapse  transformations  appear  to  involve  PKC 
pathways,  the  molecular  steps  implicated  in  a  variety  of  earlier  studies  (see  above) 
could  occur  within  GABAergic  synaptic  pathways.  These  and  other  observations  of 
biological  memory  networks  have  been  used  to  design  artificial  computer-based  net¬ 
works  with  unusual  capacity  for  storing  correlated  and  anticorrelated  events  in  spatial 
and/or  temporal  matrices. 
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Metabotropic  glutamate  receptor  (mGluR)  is  highly  expressed  in  cerebellar  Purkinje 
cells.  Several  lines  of  evidence  suggest  that  mGluRs  play  an  important  role  in  synaptic- 
plasticity,  as  in  long-term  depression  in  the  cerebellum.  Little  is  known,  however, 
about  the  functions  and  pharmacology  of  mGluRs  in  single  neurons.  We  used  Ca’" 
imaging  with  fura-2  in  cultured  Purkinje  cells,  identified  immunocytochemically,  to 
record  the  direct  effect  of  drugs  in  stable  conditions.  This  preparation  also  permitted 
the  investigation  of  change  of  functional  mGluR  during  maturation. 

Purkinje  cells,  cultured  in  serum-free  medium  for  up  to  5-6  weeks,  followed  a 
developmental  pattern  similar  to  that  in  vivo  to  a  considerable  degree:  they  showed 
spontaneous  synaptic  activity,'  expressed  mGluR  and  inositol  trisphosphatc  receptor 
(IPjR)  in  the  same  way,  and  developed  rich  dendritic  arborization.  In  Ca'‘-free  me¬ 
dium,  quisqualate  increased  intracellular  Ca’*  concentration,  but  AMPA,  kainate,  and 
NMDA  did  not  (Fig.  1  ,A).  This  response  was  thus  considered  as  quisqualate-induced 
mGluR  activation  causing  Ca^*  mobilization.  The  mGluR  respon.ses  in  Purkinje  cells 
were  insensitive  to  CNQX  (Fig.  1,B),  D,(,-2-amino-5-phosphonopropionic  acid  (AP.?) 
(Fig.  1,0,  and  pertussis  toxin  (lAP)  (Fig.  I,D).  These  results  were  quite  different 
from  earlier  studies  measuring  phosphoino,sitide  turnover  in  brain  slices  and  those 
measuring  Ca^* -activated  CT  current  in  Xenopus  oocytes  injected  with  mGluR 
mRNA,^  but  in  good  agreement  with  a  recent  study  with  CHO  cells  transfected  with 
mGluR  cDNA.'  The  mGluR  agonists  showed  the  rank  order  of  potency:  quisqualate 
>  glutamate  >  ibotenate  =  trans-ACPD  (Fig.  I  ,G).  Asparate,  one  of  the  candidates 
for  a  neurotransmitter  between  climbing  fiber  and  Purkinje  cells,  caused  no  mGluR 
respon.ses.  The  dose-response  relationship  showed  an  all-or-none  tendency  (Fig.  1  ,F). 
This  may  be  explained  by  Ca^  * -sensitization  of  IPiR.''  The  mGluR  responses  changed 
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mrlicdly  Hving  development.  The  percentage  of  cells  showing  inGluR  response  de¬ 
creased  after  Day  4  of  culture  in  Purkinje  cells,  but  not  in  non-Purkinjc  cells  (Fic. 
2, A).  The  amplitude  of  mGluR  response  in  responding  Purkinje  cells  decreased  during 
development  in  culture,  but  that  of  ionotropic  response  (iGluR)  did  not  (Fig.  2,B). 
The  change  was  thus  specific  to  mGluR  in  Purkinje  cells.  This  apparent  desensitization 
of  mGluR  was  not  blocked  by  inhibition  of  protein  kinase  C  (PKC)  or  ADP-ribosyl- 
transferase.'  The  mGluR  responses  were  mainlv  localized  to  the  center  of  the  somata 
of  Purkinje  cells  (Fig.  2,C),  whereas  both  receptor  proteins  were  expressed  immunocy- 
tochemically  throughout  the  cell.  These  results  suggest  that  the  function  of  mGluR 
is  spatially  and  developmentally  controlled  by  a  posttranslational  mechanisir.  involving 
a  mechanism  other  than  phosphorylation  by  PKC  or  ADP-ribosylation. 
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FIGURE  1.  Pharmacology  of  mGluR  response  in  single  Purkinje  cells  rempond  changes  in  the 
fluorescence  image  from  fura-2  loaded  cerebellar  neurons  were  recorded  on  \  ideo  tape  .After  immuno- 
cytochemical  identification  of  Purkinje  cells.  |Ga'  '|.  at  the  soma  of  each  cell  was  calculated  from 
video  tapes  with  a  computer  (A)  Quisqualate  ( I  pM).  but  not  A.MPA  (100  p.M).  kainate  (20  p.M), 
or  NMDA  (100  pM),  induced  increase  in  |Ca’  j,  in  Ca''-frcc  solution  The  insensitiviiv  to  high 
K'  (50  mM)-induced  depolarization  confirmed  that  the  Ca'"  concentration  in  the  solution  was  loss 
after  washing  the  cells  with  Ca’ '-free  medium  for  90  sec  (B)  z\  combination  of  CNQ.X  (50  p.M) 
and  APV  (200  pM)  did  not  block  quisqualate  (I  pM)-induccd  Ca’’  mobilization  (C)  u.i-APl 
(1  mM)  was  ineffective  in  blocking  Ca’’  mobilization  by  quisqualate  ( 1  p,M)  The  trace  is  represeni.itise 
for  74  of  80  cells  tested  on  different  culture  days.  .Six  cells  showed  panial  irreversible  blockage  b\ 
2  mM  1,-AP3  (D)  Pre-treatment  of  Purkinje  cells  with  10  pg/ml  lAP  for  20-22  h  did  noi  alfect 
the  sensitivity  of  the  mGluR  responses  The  trace  is  a  response  to  I  pM  quisqualate  and  is  represeniatise 
of  the  responses  to  various  doses  of  other  mGluR  agonists  including  trans-AC.PD.  ibotenate.  glutamate 
(E)  After  the  cell  became  refractory  to  ICK)  pM  quisqualate  by  repeated  application  of  I  p.M  quisqua¬ 
late,  caffeine  (CaO(10  mM)  induced  Ca’’  mobilization  (F)  l  ypical  all-or-none  rcsptinses  to  increasing 
doses  of  quisqualate  of  12.5.  25,  50.  100,  200  nM,  and  16  pM  (G)  Summary  of  a\er.aged  dose- 
response  relationship  Neurons  were  exposed  to  increasing  concentrations  of  the  Indicated  agonists 
in  Ca’  '-free  medium  The  average  amplitudes  of  Ca’  ’  mobilization  arc  plotted  against  the  log  concen¬ 
trations  of  the  agonists  Values  for  quisqualate,  glutamate.  trans-ACPD.  and  ibotenate  are  means  + 
SEM  for  10,  14,  5.  6  Purkinje  cells,  respectively 
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FIGURE  2.  Developmental  and  spatial  pattern  of  expression  of  the  functional  mGluR  (A)  Percent¬ 
ages  of  Purkinje  (dotted  line)  and  non-Purkinje(solidline)cellsexhibitingCa’‘  mobilization  in  response 
to  5  pM  quisqualate  in  Ca’‘-free  medium  are  plotted  against  the  days  in  culture  (B)  Amplitudes 
of  Ca'"  mobilization  induced  by  5  pM  quisqualate  (mGluR  response)  in  responding  Purkinje  cells 
The  amplitudes  of  [Ca^'l,  increases  in  response  to  20  pM  kainate  in  medium  containing  Ca’ '  (iGluR 
response)  in  these  cells  are  also  shown  for  comparison  Data  in  A  and  B  arc  means  ±  SEM  from 
at  least  i  independent  cultures  except  for  those  on  Days  16  and  37,  which  arc  for  single  cultures 
Number  of  cells  tested  at  each  day  ranges  from  1 7  to  84  for  Purkinje  cells  and  from  44  to  2  3  7  for 
non-Purkinje  cells.  (C)  Spatial  change  in  lCa'‘|,  after  exposure  to  1  pM  quisqualate  in  Ca''-frec 
medium  (mGluR  response)  (O,  □)  and  to  KCl  (50  mM)  in  Ca’’ -containing  medium  (A'oltagc  Depen¬ 
dent  Channel-VDC  response)  (•,  ■).  The  outlines  of  the  cells  were  traced  after  immunological 
staining.  Circles  (O,  •)  arc  from  the  proximal  dendrite  and  squares  (□,  ■)  from  the  center  of  the 
soma.  This  cell  was  examined  on  Day  4  of  culture,  and  arc  representative  of  five  Purkin|c  cells 
examined.  We  did  not  analyze  the  response  in  neurites  from  more  developed  Purkinje  cells  at  later 
days  in  culture  because  of  technical  limitations  with  our  method. 
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Since  the  discovery  of  Ca’*  permeability  through  N-methyl-o-aspartate-activated 
glutamate  receptor  (NMDA  receptor),  a  scenario  giving  a  principal  role  in  the  syn¬ 
aptic  plasticity  including  long-term  potentiation  (LTP)  to  the  NMDA  receptor 
has  gained  popularity.'  But  recent  reports  including  ours  have  shown  that  some  of 
non-NMDA  subtypes  of  ionotropic  glutamate  receptors  have  considerably  high  Ca-  - 
permeability 

Metabotropic  glutamate  receptors  arc  also  capable  of  increasing  |Ca’ ' "  Moreover, 
recent  molecular  biological  studies  have  revealed  the  polymorphism  of  both  ionotropic 
and  metabotropic  glutamate  receptors.'"'  Basic  information  is,  therefee,  required 
about  the  topographical  patterns  of  Ca’ '-mobilizable  receptors  distribution  in  the 
hippocampus. 

We  applied  Ca^*  imaging  techniques  established  by  us  to  various  preparations  of 
hippocampal  cells.  Those  include  dissociated  cells,  fresh  and  organotypic  cultured 
hippocampal  slices.  The  microscopic  fluorescence  images  of  those  fura-2-loaded  prepa¬ 
rations  were  detected  and  analyzed  by  a  highly  sensitive  video  camera  and  an  image 
processor. 

We  found  that  approximately  one  third  of  the  examined  cells  responded  to  both 
NMDA  and  non-NMDA  receptor  agonists  with  an  increase  in  (Ca-'l,  fram-ACPD. 
a  metabotropic  receptor  agonist  induced  two  types  of  [Ca^'j,  elevation,  a  fast  transient 
and  a  slow,  longlasting  one;  the  former  was  found  in  neurons  while  the  latter  was 
seen  predominantly  in  astrocytes.  We  found  peculiar  patterns  of  distribution  in  those 
receptor  subtypes  in  the  fresh  and  organotypically  cultured  hipftocampal  slices.  The 
NMDA-  and  AMPA-responsive  neurons  were  mainly  distributed  in  CA  1  region,  while 
the  kainate-responsive  neurons  were  found  in  the  CA3  region.  Kainate  evoked  the 
(Ca^'l,  increase  in  CA5  glial  cells  as  well.  trans-ACPD  caused  an  increase  in  |(ia''), 
in  the  glial  cells,  which  migrated  out  of  the  organotypic  culture. 

Thus,  not  only  NMDA  receptors  but  also  non-NMDA  receptors  should  be  taken 
into  account  for  the  increase  in  jCa^'  |,  during  the  tetanic  stimulation  leading  to  L  I  P 
Contribution  of  glial  receptors  should  not  be  overlooked  either. 
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Glutamate  and  its  analogues  are  the  predominant  excitatory  neurotransmitters  in 
the  central  nervous  system  (CNS).  Metabotropic  glutamate  receptors  (mGluR)  arc 
one  category  of  the  glutamate  receptors,  insensitive  to  ionotropic  glutamate  receptor 
antagonists,  such  as  6-cvano-7-nitroquinoxaline-2,?-dionc  (CNQ.X)  and  D-2-amino-5- 
phosphonovaleric  acid  (d-AP5).  They  have  been  shown  to  be  criticallv  invoked  in 
various  functions  of  the  CNS,  including  postsynaptic  excitation'  '  and  presvnaptic 
inhibition.'  In  addition,  induction  of  long-term  potentiation  (LTP)  in  the  hippocampus 
and  induction  of  long-term  depression  (LTD)  in  the  cerebellum  are  al.so  attributed  to 
mGluR.'  In  order  to  understand  these  multifaceted  actions  of  mGluR,  clarification 
of  cellular  responses  to  direct  mGluR  stimulation  is  inevitable. 

Recently  developed  "perforated"  patch-clamp^  maintains  the  intracellular  environ¬ 
ment  intact  during  electrophysiological  recording  and  thus  greatly  facilitates  the  anitlvsis 
of  receptor-mediated  responses  with  a  patch-clamp  technique  The  aim  of  the  present 
paper  is  to  characterize  mGluR  in  acutely  di.s,sociated  CA3  hippocampal  pvramid.il 
neurons  of  the  rat  with  the  use  of  perforated  patch-clamp  technique 

Neurons  were  obtained  from  7-  to  lO-day-old  Wistar  rats  bv  mechanical  and 
enzymatic  dissociation.  1  he  composition  of  the  external  solution  was  (in  mM);  NaCil 
150,  KCl  5,  CaCl.  2,  MgCl>  I.  glucose  10.  and  A/-2-hydroxvethvlpiperazine-A''-2- 
ethancsulfonic  acid  (HEPES)  10.  Ehe  compo.sitiori  of  the  internal  solution  was  (in 
mM):  KCl  150  and  MEPES  10.  The  pH  of  the  external  and  internal  solutions  were 
adjusted  to  7.4  and  7.2,  respectively,  with  tris|hydroxymethyl]aminomethane  (  I'ris- 
base).  For  perforated  patch-clamp  recording,  ny.statin  was  added  to  the  internal  solution 
at  150  Hg/ml  The  drugs  were  applied  by  a  rapid  application  system,  termed  the 
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of  Neurophysiology,  Tohoku  University  Sch<K)l  of  Medicine,  1-1  Seirvo-cho,  ,\oli.i-ku  Sendai.  VHit 
Japan 
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“Y-tube”  method.  The  exchange  of  external  solution  surrounding  a  neuron  can  be 
completed  within  10  to  20  msec. 

Application  of  glutamate  (Glu)  concentration-dependently  induced  a  rapid  inward 
current  with  increased  membrane  conductance,  and  a  slow  inward  current  with  de- 
crea.sed  conductance  under  a  voltage-clamp  at  a  holding  potential  of  -44  mV  (Fig. 
1,A).  The  rapid  inward  current  was  observed  at  a  concentration  higher  than  10  M 
and  was  blocked  in  the  presence  of  10  ''  M  CNQX  and  10  ''  M  d-AP.5,  compatible 
with  ionotropic  Glu  response.  In  contrast,  the  slow  inward  current  was  insensitive 
to  CNQX  and  d-AP5,  indicating  the  metabotropic  glutamate  (mGlu)  response.  This 
type  of  mGlu  response  was  observed  in  more  than  50%  of  the  neurons  tested.  Interest¬ 
ingly,  the  threshold  of  slow  inward  mGlu  response  was  lower  than  that  of  ionotropic 
Glu  response.  In  other  neurons,  Glu  induced  another  type  of  mGlu  response,  consisting 
of  an  outward  current  followed  by  a  slow  inward  current  (Fig  1,B).  The  threshold 
of  the  outward  mGlu  response  was  higher  than  that  of  the  slow  inward  mGlu  response. 
Both  the  outward  and  Inward  mGlu  responses  were  mimicked  by  quisqualic  acid  (QA) 
and  (  +  )-I-aminocyclopentane-fr<j«j-l,3-dicarboxylic  acid  (tACPD)  (data  not  shown). 

In  order  to  characterize  these  mGlu  responses,  a  receptor  antagonist  study  was 
performed.  The  mGlu  respon.se  induced  by  10  '  M  QA  was  not  affected  in  the 
presence  of  10  M  DL-2-amino-4-phosphonobutyric  acid  (dl-AP4)  (Fig.  2, A).  The 
inward  current  elicited  by  3  x  lO"  '  M  tACPD  was  also  insensitive  to  dl-AP4  but  the 
outward  current  was  markedly  suppressed  by  dl-AP4  (Fig.  2,B). 

These  results  show  that  there  are  two  types  of  mGlu  responses  in  hippocampal 
CA3  pyramidal  neurons:  slow  inward  current  and  outward  current.  Moreover,  the 
outward  currents  induced  by  QA  and  tACPD  seem  to  be  mediated  by  distinct  receptors. 
The  difference  in  thresholds  of  the  currents,  and  differential  sensitiv  ity  to  antagonists 
add  heterogeneity  to  the  features  of  mGlu  responses  and  would  aid  in  further  clarifying 
the  propenies  of  mGluR  in  the  mammalian  CNS. 
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Metabotropic  glutamate  receptor- 1  (mGluRl),  when  expressed  in  Xenopus  oocvtes, 
activates  phospholipase  C  (PLC)  through  endogenous  G  proteins  and  causes  chloride 
current  responses  that  are  mediated  by  inositol  phospholipid  metabolism  and  intracellu¬ 
lar  calcium  mobilization.'  ^  In  this  study,  we  implanted  various  G  protein  subunits 
into  Xenopus  oocyte  together  with  mGluRl ,  by  injecting  mRNAs  obtained  bv  in  vitro 
transcription  from  respective  cDNAs.  We  examined  the  effects  of  G  protein  subunits 
on  the  mGluRl-evoked  chloride  current  responses.  Four  types  of  bovine  G  protein 
a  subunits  (Gsa,  Go  la,  Gila,  and  GL2a),  andGjJl  and  Gy  2  subunits  were  examined 
(abbreviated  as  as,  aol,  ail,  aL2,  Pl,  and  y2.  respectively) 

Expression  of  aL2,'  which  is  isolated  from  a  bovine  liver  cDNA  library  and  is 
highly  homologous  to  the  mouse  G14  a  subunit,'’  potentiated  the  responses  signifi¬ 
cantly,  whereas  as  and  aol  suppressed  them.  Expression  of  ail  did  have  a  significant 
effect  (Figs,  1  and  2), 

Effects  of  pi  and  y2  subunits  were  then  examined.  Expression  of  P1y2  subunits 
enhanced  the  potentiation  effects  of  aL2 ,  whereas  the  suppression  by  as  was  completeK 
reversed  by  P 1  y2  subunits  (Ftc.  2).  In  the  ca,sc  of  ao  1 ,  however,  expression  of  P 1  Y2 
not  only  reversed  the  suppression  but  also  caused  even  the  potentiation  (Fic.  2) 
These  results  were  readily  explained  by  the  following  model:  a  subunits,  cither 
endogenous  or  exogenous,  compete  with  each  other  for  Py  subunits,  either  exogenous 
or  endogenous,  to  form  functional  heterotrimers.  In  the  absence  of  exogenous  P1y2, 
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FIGURE  1 ,  The  mGluR  I  -evoked  current  responses  of  Xenopus  oocytes  expressing  bovine  G  protein 
a  subunits.  The  control  means  the  oocytes  injcaed  with  mGluRl  transcript  alone  (50  pg/oocvte) 
The  others  are  the  oocytes  injected  with  transcripts  of  mGluRl  and  bovine  a  subunits  indicated 
(mGluRl  50  pg,  a  subunit  5  ng/oocyte).  The  current  responses  to  glutamate  (Glu,  100  pM)  were 
measured  1-4  days  after  the  injection  under  voltage-clamp  (-60  mV)  conditions 


FIGURE  2 .  The  effeas  of  bovine  G  protein  subunits  on  the  mGluR  I  -evoked  current  responses  of 
the  oocytes.  The  peak  amplitudes  of  the  current  responses,  as  exemplified  in  Fit.  1 .  were  expressed 
relative  to  the  control  as  mean  ±  SEM  (n)  The  control  [solid  column)  means  the  oocvlcs  where  only 
mGluRl  was  implanted.  In  the  experimental  oocytes,  the  a  subunits  of  the  indicated  G  proteins 
were  implanted  without  (open  columns)  or  with  (shaded  columns)  P 1  y2  subunits,  together  w  ith  mGluR  1 
*p  <  0.01  by  f-test. 
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exogenous  a  can  potentiate  (or  suppress)  mGluRl  responses  if  it  can  activate  PLC, 
more  (or  less)  efficiently  than  a  subunits  of  endogenous  PLC-coupled  G  proteins, 
whereas  in  the  presence  of  supplemented  (iy  subunits,  exogenous  a  subunits  can 
potentiate  them  if  it  can  activate  PLC,  irrespective  of  its  relative  efficiency  compared 
to  endogenous  PLC-coupled  G  proteins. 
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G  protein  coupled  metabotropic  glutamate  receptor  (mGluR)  is  thought  to  play 
an  important  role  in  long-term  depression  (LTD)  in  cerebellum,'  ’  because  LTD  was 
demonstrated  when  the  desensitization  of  the  AMPA  receptor  is  induced  by  co¬ 
activation  of  metabotropic  receptors  and  non-NMDA  receptors. '  ''  It  was  well  known 
that  quisqualate  (QA)  and  t-ACPD  were  the  agonists  of  mGluR.  Recently  Aramori 
and  Nakanishi’  have  cloned  a  mGluR  sensitive  to  QA  but  very  weakly  sensitive  to 
t-ACPD  in  CHO  cells,  when  RNA  was  transfected  with  cDNA  isolated  from  rat 
cerebellum.  Furthermore,  recent  studies  have  su^ested  that  t-ACPD  receptor  is  local¬ 
ized  presynaptically  in  hippocampal  CAl  neurons.* 

In  this  report,  we  examined  the  postsynaptic  and  presynaptic  distribution  of  mGluR 
in  cerebellum  at  different  developmental  stages  by  patch-clamp  recording  and  bv  (Ca" '  ], 
imaging,  using  t-ACPD  and  QA  as  agonists. 

When  QA  was  applied  to  cerebellar  slice  of  postnatal  day  (PND)  2 1 ,  the  current 
response  was  found  in  Purkinje  cell.  In  the  presence  of  100  nM  CNQX,  response 
continued.  This  response  was  not  eliminated  by  removal  of  external  Ca’*.  When 
L-APl  was  applied  extracellularly,  however,  the  QA-induced  response  was  greatly 
reduced. 

The  response  of  the  same  cells  to  t-ACPD  (up  to  I  mM)  was  observed.  But  it  was 
not  affected  by  CNQX.  This  t-ACPD  induced  current  almo,st  disappeared,  when 
external  Ca^*  was  removed.  This  is  surprising  since  one  would  expect  that  responses 
to  both  QA  and  t-ACPD  in  the  presence  of  CNQX  are  due  to  the  activation  of  the 
same  mGluR.  However,  QA-  and  t-ACPD-induced  responses  were  both  sensitive  to 
200  |j.M  L-AP3.  These  results  suggest  that  QA  and  t-ACPD  may  stimulate  different 
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subtypes  of  the  receptor,  though  both  sites  are  L-AP3  sensitive,  and  that  the  mGluR 
in  Purkinje  cells  is  far  less  sensitive  to  t-ACPD  than  to  QA. 

In  order  to  verify  the  presence  of  a  QA-aaivated  metabotropic  receptor  in  Purkinje 
cells  by  observing  agonist-induced  increases  in  [Ca^*],,  we  injected  200  pM  rhod-2 
triammonium  salt,  which  has  a  lower  affinity  than  fura-2  with  Ca^*  (Kj=  1  pM), 
into  the  Purkinje  cell  soma.  We  measured  the  effect  of  QA  and  t-ACPD  on  the  [Ca’ '  j, 
of  dye-injected  cells  in  slices  isolated  from  PND  14  rat.  QA  (10  pM)  application  in 
nominally  Ca'^  free  conditions  resulted  in  an  obvious  (Ca^‘ j,  elevation  at  the  dendrite 
region.  On  the  other  hand,  t-ACPD  (up  to  1  mM)  showed  little  effect  in  the  same 
region.  These  results  appear  to  agree  with  the  elect rophysiological  results. 

When  t-ACPD  was  applied  to  a  slice  isolated  from  a  PND  7  animal,  at  a  stage 
when  synaptic  input  to  Purkinje  cells  is  poorly  developed,  QA  induced  a  single  phase 
of  large  inward  current  associated  with  a  slight  increase  in  spontaneous  miniature 
currents  (Fig.  1,A).  On  the  other  hand,  t-ACPD  showed  no  significant  effect  on  the 
same  preparation  (Fig.  1,B).  In  slices  obtained  from  PND  9  rat,  QA  induced  current 
responses  showed  three  phases  (Fig.  l.C),  although  the  amplitude  of  the  outward 
current  ^cill  small.  At  this  stage,  QA  resulted  in  an  increase  in  frequency  as  well 
as  in  the  amplitude  of  spontaneous  miniature  current.  On  PND  9  and  later,  t-ACPD 
strongly  enhanced  the  frequency  and  amplitude  of  miniature  currents  (Fig.  1  ,D).  These 
developmental  changes  in  the  effects  of  t-ACPD  on  the  amplitude  and  frequency  of 
spontaneous  miniature  current  were  observed  with  a  holding  potential  of  -90  m\'. 


PND7  PND9 


200pA 

Imln. 

FIGURE  1 .  Effect  of  QA  and  t-ACPD  on  Purkinje  cells  at  PND  7  and  PND  9  In  voung  animals 
QA  induced  a  large  and  slowly  activating  current  m  Purkinje  cells,  but  caused  neither  fast  mactn  ating 
inward  current  nor  outward  current  (A  and  Q  On  the  other  hand,  t-ACPD  had  no  effect  on  PND 
7  cells  (B)  but  produced  small  bursting  inward  currents  at  PND  9  <D). 
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Table  1 .  Effect  of  t-ACPD  on  mEPSCs  and  mIPSCs 


mEPSCs 

mIPSCs 

Amplitude 

Frequency 

Amplitude 

Frequency 

(pA) 

(Hz) 

(pA) 

(Hz) 

n 

Control 

26.7  +  4.8 

0.54  ±  0.26 

34.7  +  5.3 

0.53  ±  0.25 

5 

t-ACPD 

21.2  +  3.6 

0  75  ±  0.18’** 

12  6  ±  2.9** 

•  0.20  ±  006*** 

5 

Data  are  expressed  as  mean  value  +  standard  deviation  Numbers  of  experiment  are  5  (n  =  5) 
Difference  between  control  and  t-ACPD  was  tested  with  the  paired  r-test  (***p<0  001), 


To  examine  the  presynaptic  action  of  t-ACPD  in  more  detail,  we  separated  mEPSCs 
(deteaed  as  inward  current)  and  mIPSCs  (detected  as  outward  current)  in  PND  14 
preparations.  As  shown  in  Table  1,  after  administration  of  t-ACPD,  the  frequencies 
of  mEPSCs  and  mIPSCs  were  significantly  augmented  and  diminished,  respectively 
(paired  f-test,  p  <  0.001,  n  =  5).  This  suggests  that  t-ACPD  acts  differently  on  the 
presynaptic  regions  of  excitatory  and  inhibitory  synapses.  Furthermore,  the  mean 
value  of  the  mEPSCs  amplitude  was  not  affected  by  the  application  of  t-ACPD,  while 
that  of  the  mIPSCs  was  significantly  reduced,  suggesting  that  t-ACPD  also  affects  the 
postsynaptic  inhibitory  synaptic  site.  The  detailed  mechanisms  of  the  separate  effects 
of  t-ACPD  on  the  inhibitory  and  excitatory  synapses  will  appear  elsewhere  soon. 
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Purkinje  cells,  the  output  neurons  from  the  cerebellar  cortex,  receive  parallel  and 
climbing  fiber  inputs  (Fig.  1).  Coactivation  of  these  two  evokes  long-term  depression 
(LTD)  in  the  parallel  fiber/Purkinje  cell  synapses.'  This  LTD  is  the  possible  cellular 
mechanism  for  cerebellar  motor  learning.'  Since  the  two  inputs  terminate  at  different 
loci  on  Purkinje  cell  dendrites,  heterosynaptic  interaction  connecting  between  synapses 
is  required  for  inducing  LTD  (Fig.  1,A). 

One  possibility  is  that  climbing  fiber  input  evokes  marked  depolarization  in  Purkinje 
cell  dendrites  (Fig.  I,C),  which  induces  Ca^‘  spikes  at  the  postsynaptic  sites  of  the 
parallel  fiber  synapses  to  evoke  LTD.^  Another  possibility  is  the  diffusible  intercellular 
messenger,  nitric  oxide  (NO)  is  produced  by  climbing  fiber  input  so  that  the  climbing 
fiber  information  is  conveyed  to  the  parallel  fiber  synapses  by  diffusion  of  NO, 

In  fact,  NO  release  is  observed  following  climbing  fiber  input,'  suppression  of  NO 
signaling  blocks  LTD,’  and  exogenous  N(3/cGMP  can  replace  climbing  fiber  input 
in  inducing  LTD.”'  However,  NO  is  not  required  for  LTD  in  cultured  Purkinje  cells' 
or  in  slices  treated  with  fluorocitrate,  a  gliotoxic  metabolic  inhibitor  (unpublished 
data).  In  Purkinje  cells  injected  with  Ca^*  chelators,  parallel  fiber  stimulation  plus 
cGMP  application,  which  normally  evokes  LTD,  induces  long-term  potentiation 
(LTP)."*  Therefore  NO/cGMP  signaling  cannot  replace  Ca’*  signaling.  These  results 
can  be  explained  by  assuming  two  imponant  messengers  in  LTD:  NO  enables  both 
of  LTD  and  LTP  by  acting  on  Bergmann  glia  cells,  which  respond  to  NO  with  a 
marked  cGMP  increase,'’  while  Ca^'  signaling  in  Purkinje  cell  dendrites  determines 
the  direction  of  plastic  changes  (Fig.  2). 


'  Present  address:  Department  of  Neurophysiology.  Brain  Research  Institute,  Niigata  I’nis  ersuv, 
Asahi-machi.  Niigat.a-shi  951,  Japan 
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B  Parallel  liber  response 


15  mV 

2  ms 


C  Climbing  fiber  response 


\ 


figure  1.  (A)  Bas.c  neural  circu.t  for  mducing  LTD  .n  cerebellar  cortex  (B  and  O  Parallel  and 
climbing  fiber  responses  of  Purkinje  cell  dendrites. 
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The  poly-tRNA  hypothesis'  has  recently  proposed  that  Bacillus  subtiln  (BSU)  trmD 
operon  is  a  relic  of  an  early  protein-synthesizing  RNA  molecule  (trmD  trRN'A)  con¬ 
sisting  of  three  rRNAs  and  a  tRNA  cluster  (including  1 6  tRNAs)  A  primitive  mRNA 
(trmD  mRNA)  was  hypothesized  to  be  complementary  to  a  48-base  RNA  consisting 
of  16  triplet  anticodons  in  the  order  of  the  tRNA  anti-codons  in  trmD  operon.  The 
poly-tRNA  structure  and  rRNAs  in  trmD  trRNA  would  have  functioned  in  making 
a  16-amino  acid  peptide  (trmD  peptide)  in  association  with  trmD  mRNA. 

Amino  acid  and  base  sequence  segments  potentiallv  homologous  to  the  trmD 
peptide  and  trmD  mRNA  were  searched  for  in  PIR  and  Gcr.Bank  databases,  using 
FORTRAN  programs  that  output  n  amino  acid  (bise)-segments  sharing  m  or  more 
amino  acids  (bases)  with  an  inputted  sequence  Similarity  levels  were  evaluated  In 
computing  Pnu>(rM,n)  =  T"  |w!/i!(w-i)'](l/4)'(3/4)"  which  gives  probabilitv  by 


FIGURE  1.  Alignment  of  trmD  mRNA  with  tRNAs,  5S  rRNAs.  and  1.  1  snRN.\,  and  ss  ith  gene 
segments  encoding  glyeyl-  and  glutaminyl-tRNA  synthetases  (GlvRS,  GlnRS),  E  coli  rihonuelc,ise  P 
protein  (mpA),  ion-receptor  channel  proteins,  and  albumin/a-fetoprotcin  Base  complementaries 
between  triplet  anticodons  in  rrmO  operon  transcript  and  the  hypothetical  trmD  mRN  A  are  indicated 
b)  ..olonsl  )  Bases  in  spacer  regions  (of  mnD)  and  in  intron  (t'-side  of  exon  1 1  m  albumin  gene) 
are  given  in  lowerca.se  letters  Di-  and  longer  oligo-nucleotides  and  deduced  ammo  acids  shared  b\ 
GlyRS  and  one  or  more  of  other  sequences  arc  boxed  Other  ammo  acid  matches  are  italicized 
Sequence  data  are  obtained  from  GenBank  Databa,sc  Alignment  is  vet  tentatne  in  tRN.\s  (bases 
36-51)  and  corresponding  region  of  .5S  rRNAs  (I'-tcrm)  Abbreviations  E(i.  E  toll.  BSL  .  Bacillus 
subtilis.  BST.  B.  suarotbermopbilus.  RNasc  P.  rihonucleasc  P,  NMDA  Rl.  rat  N,\1D.\  receptor  I 
GluR,  glutamate  receptor,  AchR  acetylcholine  receptor 
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chance  for  the  occurrence  of  m  or  more  base-matches  in  n-base  alignment.  The 
E.  coll  (EC)  glycyl-tRNA  synthetase  (GlyRS)  a  subunit  (amino  acids  141-154)  was 
found  to  be  highly  homologous  to  trmD  peptide.'  This  and  other  segments  (proteins, 
genes,  and  RNAs)  thus  found  were  aligned  with  each  other.  Extensive  visual  compari¬ 
sons  were  also  made  in  refining  alignments. 

In  the  resulting  alignment  (Fig.  1).  the  trmD  mRNA  gives  base-match  levels  [and 
P„J  of  63%  [P„„,(46,29)  =  .56  x  10  ^  to  GlyRs  a,  60%  |.52  x  10  ']  to 
B.  stearothermophilus  (BST)  5S  rRNA  (bases  37-),  59  and  48%  [  50  x  10  ',  .92  x 
10  ']  to  H*-ATPase  a  subunit  and  glutamate  receptor  (GluR)  y  2  subunit,  48%  to 
EC  ribonuclease  P  protein  (mpa),  and  48%  |.86  x  10  *|  to  albumine  exon  8,  but 
shows  lower  base-match  levels, 41%  [. 020)  and  36%,  to  the  3'halves  of  EC  tRNA’'^' 
and  BSC  tRNA’*'”'.  On  the  other  hand,  the  BST  5S  rRNA  (bases  3  7-117)  shares  55, 
60,  42,  and  41  %  bases  (.  1 3  x  10  ,31  x  10  ,  .0026,  .0025]  with  GlyRs  a,  m/ia, 
NMDARl  channel  receptor,  and  albumin,  respectively.  GlyRs  a  shares  49%  bases 
|.0012|  with  tRNA''P,  53%)  |P„„d52,99)  =  42  x  10  "j  with  Cl  snRNA.  65% 
[P„u,(43,66)  =  .73  X  10"|  with  mpA,  44,  44  and  39%  with  (Na‘,  K‘)-ATPase 
a,  NMDRl,  and  GluR  y,  and  47%i  [  52  x  10' ']  with  acetylcholine  receptor  (AchR) 
a,  58%i  [  91  X  10  ■‘I  with  3'-terminal  region  (99-131)  of  5S  rRNA  in  EC  rmD 
(Na' ,K*)-ATPase  shows  45  and  55%)  matches  [  25  x  10  ',  .42  x  10  "j  with  GluR 
y  2  and  AchR  a. 

These  results  strongly  suggest  that  the  peptide-encoding  gene  segments  (and  there¬ 
from  transcribed  mRNA  segments)  corresponding  to  the  region  A  in  Figurk  1  are 
true  homologues  not  only  of  trmD  MRNA  but  also  of  the  segments  from  5S  rPNAs, 
Cl  snRNA,  and  tRNAs.  The  trmD-like  mRNA  segments  must  have  more  likely 
derived  from  direct  homologueof  primitive  5S  rRNA,  than  from  primitive  (or  ancestral) 
tRNA.  C 1  snRNA  is  a  clo.se  hornologue  of  these  mRNA  regions  and  5S  rRNA,  and 
therefore  seems  to  have  emerged  after  the  origin  of  5S  rRNA.  Since  5S  rRNA  seems 
to  have  emerged  by  duplication  of  ancestral  tRNA,'  ’  and  ancestral  tRNA  (proto-tRNA) 
having  (5*)  “CCA”  (3')  in  anticodon  region  must  have  emerged  by  duplication  of 
semi-tRNA,'"'  first  mRNA  would  have  derived  from  an  ancestral  55  rRNA,  or  from 
an  RNA  closely  related  to  5S  rRNA. 

Early  proteins  would  have  been  made  by  cooperative  interaction  of  ancestral  5S 
rRNA-like  RNA  (ancestral  trmD  mRNA)  with  a  trmD-Wkc  poly-tRNA  structure  in 
trmD  trRNA.  The  interaction  occurred  in  a  way  more  or  less  like  that  shown  in 
Figure  2,  where  the  triplet  anticodon  region  (probably  “CCA"  in  the  beginning)  in 
the  itth  tRNA  (k  =  1,2,  ,16)  consistently  interacted  with  the  i^th  triplet  region 


FIGURE  2.  ft)ly-tRNA  model  of  early  protein  synthesis  by  interaction  ol  the  tRN,\  cluster  ol 
inTiD-trRNA  and  a  5S  rRNA-like  RNA  Ba.ses  and  ammo  acids  ulentical  to  those  in  tranD-mRN.A  and 
rmnD-peptide  are  boxed  Astensksi*)  indicate  Watson-C  . rick  type- base-pairings  between  anticodons  on 
tRNAs  and  triplet  codons  on  (rmD-mRNA  Ba.se  matches  between  5.S  rRN.\  and  glycyl-tRNA 
synthetase  (GlyR.S)  a  gene  are  indicated  by  "  +  "  Ibis  alignment  of  trmD  mRN  A,  tS  rRN  A.  and 
two  protein  gene  segments  is  exactly  the  same  as  that  shown  in  Fic.  I  GluR,  glutamate  receptor. 
BS'I ,  B  stearothermophilus 
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of  ancestral  5S  rRNA-like  (trmD  mRNA-likc)  RNA,  towards  generating  more  base¬ 
pairing  between  the  former  triplet  and  the  latter  triplet  (for  every  k)  by  natural  selection . 

Accordingly,  trmD  mRNA-like  segments  in  ion  channel  receptor  genes  including 
not  only  AchR  and  GluR  genes  but  also  H*-  and  (Na‘ ,K')-ATPase  subunit  genes 
are  relics  of  ancient  proteins  before  the  establishment  of  triplet  anticodons,  when 
trmD  peptide-like  peptide  was  made  by  interaction  of  poly-tRNA  structure  in  trmD- 
trRNA  and  primitive  5S  rRNA-like  RNA  via  ancestral  anticodons  and  codons.  Ohno's 
“18-base  primordial  building-block"  found  in  Ct-fetoprotein/albumin  genes'*  is  now 
demonstrated  to  be  a  short  region  within  this  trmD-l'ike  most  ancient  gene,  as  shown 
in  Figure  1 .  Codon  table  must  have  been  so  made  that  rrrwD-mRNA  could  code  for 
rmrD-peptide. 
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In  order  to  understand  the  genetic  responses  of  neuronal  cells  to  synaptic  activation, 
it  is  important  to  know  the  relationship  betweeen  synaptic  transmission  and  gene 
expression  in  neuronal  cells.  In  concert  with  several  types  of  seizures  or  electrical 
stimulation  of  neuronal  path  fibers  in  brain,  immediate  early  genes  (lEGs).  which 
encode  transcriptional  factors,  are  rapidly  induced  in  brain  neuronal  cells.  W'e  are 
thus  now  focusing  on  the  cfos  induction,  which  can  be  evoked  via  stimulation  of 
cultured  mouse  cerebellar  granule  cells  with  glutamate  receptor  agonists, 

\Vc  prepared  primary  cultures  of  cerebellar  granule  cells  from  1 -week-old  mouse, 
when  cerebellar  granule  cells  receive  glutamatergic  inputs  from  mossy  fibers  during 
postnatal  development  of  mouse  cerebellum.  Using  nuclear  mini-extracts  prepared 
from  cultured  cerebellar  granule  cells,  we  carried  out  a  gel-shift  assay  to  examine  the 
changes  in  DNA-binding  activities  of  rraascriptional  factors  and  found  that  e.xogenous 
NMDA  (N-methyl-D-aspanate)  or  kainate  (100  (iM)  increased  both  I  RE  ('I'P.-\- 
responsive  element)-  and  CRE  (cyclic-AMP-responsive  element)-binding  activits  spe¬ 
cifically  though  NMDA  or  non-NMDA  receptors.'  The  increase  of  IRE-binding 
activities  appeared  to  be  caused  by  the  cfos  induction  followed  bv  Je  novo  svnthesis 
of  c-Fos  proteins.  Dose  dependencies  of  the  increa.se  in  I  RE-binding  acnvitv  and  the 
Ca^*  uptake  into  the  cells  showed  a  good  coincidence  when  the  cells  were  stimulated 
with  NMDA  or  kainate,  indicating  that  influxes  of  e.xtracellular  Ca' '  into  the  cells 
could  trigger  the  induction  of  TRE-binding  activities.  Since  treatment  of  the  cells  with 
calphostin  C,  an  inhibitor  for  protein  kina.se  C  (PKC),  inhibited  the  increases  of 
TRE-binding  activities  induced  by  NMDA  or  kainate,  an  actisation  of  PKC  could 
be  involved  in  the  cfos  induction  evoked  via  glutamate  receptors. 

Competition  and  proteolytic  handshift  experiments  revealed  that  the  increases  in 
TRE-  and  CRE-binding  activities  were  both  mediated  by  the  same  DN.\-binding 
complexes  whose  binding  affinity  was  higher  to  CRE  than  to  ERE  The  super-gel 
shift  assay  including  anti-c-Fos  antiserum  reve;iled  that  the  DNA-binding  complexes 
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formed  not  only  on  TRE  but  also  on  CRE  involved  c-Fos  or  Fos-related  proteins.  In 
addition,  the  proteins  that  can  form  heterodimers  with  c-Fos  appeared  to  be  different 
between  cerebellar  granule  cells  and  hippocampal  neuronal  cells. 

We  have  developed  a  method  for  preparing  the  nuclear  mini-extracts  from  small 
punches  of  1-2  mm-thick  brain  slices  (approximately  1-3  mg  wet  weight),  which 
were  taken  by  a  microcapillary  (1  mm  diameter).  Using  this  method,  we  found  that 
intraperitoneal  administration  of  NMDA  or  kainate  caused  the  increases  in  CRE- 
binding  activities  as  well  as  TRE-binding  activities  in  the  CAl,  CA3,  and  dentate 
gyrus  of  hippocampus.  The  increase  of  TRE-binding  activities  induced  by  NMDA 
was  inhibited  by  the  intraperitoneal  administration  of  NMDA-receptor  antagonist 
MK801.  This  TRE-binding  activity  showed  a  strong  binding  to  the  TRE  of  nerve 
growth  factor  (NGF)  gene  but  only  a  weak  binding  to  the  TRE  of  proenkephalin 
gene.  We  are  now  characterizing  these  kinds  of  DNA-binding  activities  expressed  in 
mouse  brain  and  investigating  the  relationship  with  the  expression  of  NGF  gene  or 
other  genes  whose  expression  could  be  affected  by  an  activation  of  glutamate  receptors. 
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A  family  of  small  GTP-binding  proteins  with  molecular  weight  20-30  kD  has  been 
identified,  and  it  is  revealed  that  their  biological  functions  are  coupling  to  vesicular 
transport,  superoxide  production,  formation  of  cellular  matrix,  and  transformation 
The  purpose  of  our  study  is  to  identify  how  many  small  G  proteins  are  expressed  in 
the  liver  tissue  and  what  role  these  proteins  play  in  liver  regeneration,  hepatocvie 
growth,  and  hepatocarcinogenesis. 


MATERIALS  AND  METHODS 

A  cDNA  library  was  constructed  from  rat  liver  poly(A)  RNA  by  random  primer 
annealing  and  reverse  transcription  and  used  as  a  template  for  polymerase  chain  re¬ 
action  (PCR).  PCR  primers  were  synthesized  corresponding  to  GV'GKSCLl.  and 
DTAGQEE,  which  amino  acid  residue  were  conserved  in  small  G  proteins  (ras  and 
rab  family).  After  3  5  cycle  PCR.  DNA  products  were  purified,  ligated  to  plasmid 
vectors,  and  cloned.  Sequencing  of  cloned  DNA  by  dideoxy  chain  termination  reaction 
confirmed  that  its  DNA  belongs  to  a  small  G  protein  family.  Cloned  DNA  fragments 
were  used  as  probes  for  screening  of  cDNA  library  to  obtain  full  length  cDN,\  clone 


RESULTS  AND  DISCUSSION 

Amplified  1  50-bp  fragments  were  cloned  using  pTZl  9R  vector.  By  the  sequencing 
analysis  of  48  clones,  it  was  revealed  that  1 3  clones  had  1 .50-bp  length  DNA  fragments 
and  contained  both  GVGKSCLL  and  D'EAGQEE  amino  acid  sequence.  Comparing 
these  50  amino  acid  sequences  to  those  of  prcviou.sly  reported  small  Ci  proteins,  it 
was  suggested  that  three  clones  were  identical  to  rab2,  two  were  homologous  to 
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human  G25K,  one  was  homologous  to  rabll,  one  was  homologous  to  raci  or  2, 
one  was  homologous  to  rhoA,  and  the  remaining  five  clones  were  a  novel  rab  family. 
From  these  results,  it  was  shown  that  this  cloning  strategy  may  be  useful  for  identifying 
novel  small  G  proteins. 

Using  the  clones  homologous  to  human  G25K,  rat  liver  cDNA  library  were 
screened,  and  four  cDNA  clones  were  obtained.  The  nucleotide  sequences  of  one 
cDNA  clone  revealed  that  it  was  encoding  1 9 1  amino  acids  and  identical  to  the  human 
G2  5K,  which  have  been  identified  yeast  cell  cycle  gene  CDC42 .  These  results  suggest 
that  G25K  protein  is  expressed  in  rat  liver  tissue  and  involved  in  hepatocyte  regenera¬ 
tion. 

We  reported  here  a  set  of  small  G  proteins  other  than  G25K  also  expressed  in 
rat  liver  tissue,  and  within  a  few  years  it  will  be  revealed  how  these  small  G  proteins 
play  a  role  in  signal  transduction,  intracellular  vesicular  transport,  hepatocyte  growth, 
and  carcinogenesis. 
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Signaling  Molecules 

ATSUO  MIYAZAWA,  MEGUMI  TAKAHASHI," 
TETSURO  HORIKOSHI/  AND  TOHRU  YOSHIOKA 

Department  of  Molecular  Neurobiology 
Waseda  University 
Tokorozawa  i59 

'‘School  of  Medicine 
Yokohama  City  University 
Yokohama 

''Department  of  Physiology 
Tsurumi  University 
Yokohama.  Japan 


In  order  to  know  the  localization  and  interaction  between  molecules  involved  in 
signal  transduction  in  neurons,  we  studied  cellular  distribution  of  phosphoinositide 
(PI)  turnover-related  molecules,  such  as  phosphatidylinositol  4,5-bisphosphate  (PIP;), 
inositol- 1 ,4,  j'-trisphosphate  receptor  (IPiR),  phosphatidyl  serine  (PSK  and  Y'tvpe  pro¬ 
tein  kinase  C  (yPKC)  in  developing  rat  cerebellum  by  immunohistochemical  method. 
In  the  Purkinje  cell,  PIP;  immunostaining  was  strong  around  postnatal  day  (PND)  7 
then  weakened  until  around  PND  15.'  The  change  in  the  reduction  of  PIP;  was 
confirmed  by  ‘^P-labeling  experiment.  The  content  of  PIP;,  phosphatidvlinositol  4- 
monophosphate  (PIP),  and  pho.sphatidic  acid  (PA)  in  the  cerebellum  were  found  to 
be  reduced  remarkably  around  PND  15  (Fig.  1)  and  gradually  recovered.  These  data 
suggest  that  PI  turnover  system  in  Purkinje  cells  might  be  a  functional  disorder  around 
PND  1 5 .  Although  YPKC-immunostaining density  was  found  to  be  constantly  indepen¬ 
dent  of  Purkinje  cell  development,  PS-immunostaining  was  reduced  between  PND 
14  and  21.  Since  PS-immunostaining  patterns  inversely  reflect  the  PKC)  activity  in 
the  cell,  we  can  estimate  that  there  is  a  isoor  relationship  between  PI  turnover  and 


554 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


cpm/IOOpg  protein 


Postnatal  Day 

FIGURE  1.  PIPj,  PIP,  and  PA  content  In  developing  rat  cerebellum  O  P.\,  •:  PIP.  A  PIP' 
These  contents  were  analyzed  quantitatively  by  ('■PjATP  incorporation  Around  PND  I  5.  PIP  and 
PA  content  was  found  to  be  reduced  remarkably.  PIP.-  content  was  also  changed  in  the  same  fashion 
with  PIP  and  PA 


activation  of  PKC  during  the  development  of  rat  cerebellum  .’  To  find  out  the  cause 
of  transient  reduction  of  PI  turnover  on  PND  15  in  the  Purkinje  cell,  expression  of 
c-myc  was  studied,  because  we  have  already  found  that  c-myc  expression  could  be 
closely  coupled  with  the  deficit  of  PI  turnover  in  some  cancer  cell  lines,'  In  this 
experiment,  we  found  that  the  developing  rat  cerebellum  showed  the  transient  expres¬ 
sion  of  c-myc  mRNA  around  PND  7-10  by  nonhern  blotting  (Fig.  2, a).  By  western 
blotting,  c-MYC  protein  showed  peak  level  around  PND  10-14  in  ctiosol,  while  the 
protein  in  nucleus  was  maintained  in  high  level  around  PND  14-2 1  (Fig  2,b).  These 
data  suggest  that  expression  of  c-myc  mRNA  and  c-MYC  protein  in  cytosol  reached 
maximum  levels  prior  to  reduction  of  PI  turnover  but  in  parallel  with  the  activation 
of  PKC.  Therefore  it  is  strongly  suggested  that  there  is  a  close  correlation  between 
PI  turnover  and  c-myc  expression  during  postnatal  development  in  rat  cerebellar  Pur¬ 
kinje  cells. 
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FIGURE  2.  (a)  c-myc  mRNA  expression  in  developing  rar  cerebellum  Transient  c-myc  niRSA 
expression  was  shown  around  PND  7  by  nonhcrn  blotting  (b)  c-M\  C  protein  expression  in  developing 
rat  cerebellum  O:  total  cell  extract,  •:  cytosol  fraction.  A:  nuclear  fraction  c-M\  C  protein  was 
detected  by  anti-c-MYC  antibody.  The  total  cell  and  cytosol  c-M\  C  protein  showed  peak  Icsel 
around  PND  10-14,  while  in  the  nucleus  the  protein  showed  constantly  high  levels  around  PND 
14-21 
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Phosphatidylserine  (PS)  in  membranes  tontrihutes  to  many  regulatory  processes 
of  biological  responses.  The  well  known  function  of  PS  is  its  ability  to  promote  blood 
coagulation'  and  to  regulate  enzymatic  activity  of  protein  kinase  Ci.’  Protein  km.isc 
C  IS  a  family  of  Ca^* -phospholipid-dependent  kinases  that  bind  to  the  plasma  mem¬ 
brane  in  response  to  receptor-mediated  generation  of  diacylglycerol  and  Ca' '  Mem¬ 
brane-association  of  protein  kinase  C  is  mediated  by  the  interaction  with  multiple 
acidic  phospholipids  in  the  presence  of  Ca’’,  while  the  enzymatic  activity  displays 
the  strict  structural  requirement  for  1 ,2-diacyl-sn-glyccro-3-phospho-i-scrinc  (PS)  '  Al¬ 
though  these  observations  suggest  the  cxi.stence  of  specific  binding  site  for  PS.  the 
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identification  of  the  site  has  been  very  difficult  since  the  enzyme  interacts  with  multiple 
phospholipid  molecules  during  activation. 

In  order  to  elucidate  the  molecular  mechanisms  underlying  the  specific  PS-protein 
interaction,  we  have  undertaken  structural  and  idiotypic  analyses  of  an  anti-PS  mAh, 
PS4A7.‘*  The  mAb  PS4A7  binds  to  l,2-diacyl-sn-glycero-3-phospho-i -serine  (PS)  but 
not  to  1 ,2-diacyl-sw-giycero-J-phospho-D-serine  or  1 ,2-diacyl-5n-glyccro-phospho-L- 
homoserine,  showing  a  similar  phospholipid  specificity  with  that  required  for  the 
activation  of  protein  kinase  C.'  We  have  established  a  series  of  anti-idiotypic  mono¬ 
clonal  antibodies  against  the  combining  site  of  PS4A  7  according  to  a  method  previously 
described.'  Three  subspecies  of  protein  kinase  C  were  purified  to  homogeneity  and 
the  binding  of  the  anti-idiotypic  antibodies  to  the  plate-coated  protein  kinase  C  was 
examined  by  ELISA.  Among  34  anti-idiotypic  mAh  established,  one  anti-idiotvpic 
antibody,  named  Id8F7,  showed  an  extensive  cross-reaction  with  protein  kinase  C 
Id8F7  bound  to  the  three  subspecies  of  protein  kinase  C  almost  equally  and  efTectivelv 
inhibited  the  enzymatic  activities.  The  binding  of  ld8F7  to  protein  kinase  C  was 
specifically  inhibited  by  PS,  but  not  by  other  phospholipids  such  as  phosphatidyletha- 
nolamine,  phosphatidylinositol,  and  phosphatidylcholine  (Fig.  1 ).  The  inhibitory  activ¬ 
ity  of  PS  was  strictly  dependent  on  the  structure  of  PS,  since  the  synthetic  PS  analogs 
such  as  1 ,2-diacyl-sw-giycero-3-phospho-D-serinc  and  1 ,2-diacyl-Jn-glyccro-phospho-i,- 
homoserine  showed  no  significant  inhibitory  effect  on  the  binding  In  contrast,  the 
binding  was  significantly  enhanced  by  the  presence  of  1 ,2-dioleoyl-glycerol  and  also  bv 
sphingosine.  These  findings  clearly  indicate  that  the  anti-idiotvpic  antibody  recognizes  a 


FIGURE  1.  Inhibition  of  the  binding  of  anti-idiotvpit  mAh  ld8K7  to  |irotcin  kinaw  (  In  phos|)h.iti- 
dyl.scrinc  Purified  protein  kina.se  ('.ad  pg/ml)  was  coated  onto  the  nncrotiter  plates  aiul  uas 
preincubated  with  various  concentrations  of  phospholipid  vesicles  lor  1  h  at  room  temperature  I  hen 
i  le  anti-idiotypic  mAh  (2  ug/ml)  was  added  tocsich  well  and  incubated  for  1  5  h  at  room  temperature 
The  anti-idiotypic  mAh  bound  was  detected  w  ith  biotinylated  anti-mouse  imnninoglobuhn  and  perosi- 
dase-conjugated  streptavidin 
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consensus  structure  between  the  PS-specific  mAb  and  protein  kinase  C,  which  may 
be  responsible  for  the  specific  interaction  with  PS. 

In  order  to  define  the  molecular  structure  recognized  by  Id8F7,  we  first  determined 
the  amino  acid  sequences  of  the  heavy-  and  light-chain  variable  regions  of  PS4A7  and 
tried  to  identify  the  epitope  on  PS4A7.  We  found  that  the  anti-idiotypic  antibody 
bound  strongly  to  a  1 2  amino  acid-residue  synthetic  peptide  derived  from  the  third 
complementarity  determining  region  (CDR)  of  the  heavy  chain  of  PS4A7  (AREGDYD- 
G.A.MDY,  amino  acid  residue  93- 101 ,  referred  to  as  CDR3-H),  hut  not  to  the  synthetic 
peptides  derived  from  other  CDRs.  In  this  assay,  the  synthetic  peptides  derived  from 
the  CDRs  of  the  heavy-  and  light-chains  of  PS4A7  were  coupled  to  bovine  scrum 
albumin  (BSA)  via  a  functional  sulfhydryl  group  at  the  carboxyl  terminus  and  the 
binding  of  8F7  to  the  plate-coated  peptidc-BSA  complexes  w'ere  examined  by  ELISA 
Furthermore,  the  CDR3-H  peptide  was  shown  to  bind  to  PS  with  similar  specificiti 
to  that  of  PS4A7,  although  its  affinity  was  markedly  lower  (Fig.  2)  No  significant 
binding  was  observed  with  the  synthetic  peptides  derived  from  other  CDRs  Fhe 
binding  was  effectively  inhibited  b)  PS  ,iiid  s!igl.:l>  !,v  |.h' .sphestrine,  hut  not  by 
serine. 

Our  recent  analyses  have  shown  that  the  anti-idiotypic  antibody  Id8F7  effectively 
inhibited  the  activ'ities  of  both  blood  coagulation  factor  and  \'I11,  and  bound  strongly 
to  the  purified  coagulation  factor  V'  but  not  to  prothrombin  nor  coagulation  factor 
X.  These  findings  indicate  that  the  CDR3-H  peptide,  which  is  recognized  by  ld8F7, 
may  represent  a  noyel  PS-recognizing  peptide  motif  that  may  be  common  among  the 
cellular  PS-binding  proteins. 


Phosphatidylserine  (PS) 


Phosphatidic  acid  (PA) 
Cardiolipin  (CL) 
Phosphatidylethanolamine  (PE) 
Phosphatidylcholine  (PC) 


FIGURE  2.  Specitic  binding  of  the  CDR!  11  ptpiidc  to  phosphatidvlserine  I  he  C  DR!  1 1  pi  pude 
(amino  acid  residue  9!  - 10!  of  HS4A7  1 1-ehain.  ARE(iDYDCiAMD'i’)  veas  coupled  with  liioiiin  lated 
BSA  via  an  additional  cysteine  at  the  carlKixvl  terminus  I'he  microtiter  wells  were  coated  with 
various  phospholipids  (10  pM)  and  incubated  with  the  peptide-BSA  complex  I'he  complex  bound 
was  detected  with  alkaline  phosphatase-con)Ugated  streptavidm  Each  point  represents  the  mean  s  .iliie 
of  three  different  ex[K'riments 
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INTRODUCTION 

Excitation-contraction  coupling  is  one  ot  the  interesting  nu'chanisins  to  be  elucidated 
from  the  point  of  s  iew  of  calcium  sign.il  transduction  in  muscle  contraction  C.  Iciuni 
channel  genes  were  cloned  and  sequenced  as  the  receptors  of  dihsdrt'ps  ridiiH"  and 
ryanodine  receptor  in  mammals/’'  Takeshima  et  al  '  confirmed  that  the  rsanodine 
receptor  has  a  molecular  mass  of  500,000  daltons  with  a  large  ptmion  at  the  N -terminal, 
which  w.is  obsers  ed  as  a  foot  structu''e  by  electron  microscops .  and  the  transmembrane 
domain  at  the  C-terminal.  The  molecular  architecture  of  the  receptor  as  close  to 
that  of  rabbit,  mink,  and  human.  The  functional  loss  of  the  molecule  causes  malignant 
h\  perthermia  of  swine  ‘  The  rwnodine  binding  site  and  the  channel-forming  transmem¬ 
brane  structure  were  clarified  by  several  other  ob  ersations 

The  soil  nematode  CaenorhabdHis  elegant  is  a  model  animal  for  behas  lor  genetics.' 
especially  for  their  convenience  of  the  complete  cell  line.ige.  complete  neuiocellular 
network,  and  a  good  correlation  of  the  genome  map  lo  the  ph\ steal  map  of  the 
chromosome,  \V  e  reponed  that  a  single-charge  change  of  the  muscle  protein  params  o- 
sin.  encoded  by  unc-l5  ot  C  elegam.  disrupt  charge  interaction  between  parannosin 
molecules  and  thick  hlament  assemblv,  leading  to  muscle  par.ils  sis "  This  result  encour¬ 
aged  us  to  examine  how  neuromuscular  systems  might  be  aflected  b\  ,i  single  mutation 
in  the  genome  ot  the  anim.il  It  is  worthwhile  to  sobe  the  question  ot  how  the 
excitation-contraction  coupling  is  controlled  bv  ditierent  molecules  and  reactions  B\ 
using  the  geneticallv  *'.imlv  worm,  ssecould  understand  gene  expression,  uene  [iroduct, 
mutant,  and  suppressor  mutant  ot  the  molecules  that  functioned  in  the  excitation- 
contraction  coupling 

In  th  report,  we  ch/Hed  and  segueneed  the  rxanodme  receptor  homoloe  eeiie  ot 
the  worm  cDN,\  clone  seas  ..blamed  from  cDN.'  librarx  b\  using  cDN  V  fraement 

'  I  liD  uork  \N.is  '*U|»|)orn  »l  l»\  ill*  C  »ranriri' \jJ  ..h  Prioniv  \km  04'“''.' I.'  ic  fl  K 
I  (>  uhoiii  i.{irrus|M»iulrDii-  vli.-iiKi  In  .uMrsh-i1 
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of  rabbit  skeletal  ryanodine  receptor  as  a  probe.  Deduced  amino  acid  sequence  shows 
that  the  ryanodine  receptor  of  the  nematode  had  a  conserved  amino  acid  sequence 
similar  to  mammals  not  only  in  the  transmembrane  domain  but  in  the  foot  structure 
of  the  molecule. 


MATERIALS  AND  METHODS 

DNA  Recombinant  Techni  s 

DNA  recombinant  technique  was  the  standard  method.'’  cDNA  clone  of  rabbit 
skeletal  ryanodine  receptor  was  kindly  provided  by  Takeshima  et  al. '  Southern  hybrid¬ 
ization  of  genomic  and  cloned  fragments  and  screening  cDNA  library  w'ere  pertbrmed 
by  the  method  of  ECL  (enhanced  chemiluminescence,  Amersham).  Shotgun  sequence 
was  followed  by  MRC  protocol"’  using  a  DNA  sequencer  of  Applied  Biosystems 
Sequenced  data  were  processed  bv  DNASIS  (Hitachi).  RNA  analysis  was  done  by 
the  conventional  method  Genome  mapping  was  kindly  performed  by  Coulson  " 


The  Worm  Handling 

C.  elegans  strain  N'2  was  grown  by  the  established  procedures  and  used  lor  prepara¬ 
tion  of  material." 


RESULTS  AND  DISCUSSION 
Southern  Blot  Analysis  with  Rabbit  cDNA  Clones 

To  clone  the  gene,  genomic  Southern  blot  analysis  was  pertbrmed  by  using  three 
cDNA  clones  of  rabbit  RYR.  pRR229,  pRR20?.  and  pRR616  '  Three  unique  Irag- 
ments,  EcoRI;  8.4,  6.1 ,  and  .5.4  kb,  were  clearly  stained  with  pRR6  16.  which  corres¬ 
ponds  to  transmembrane  domain  of  the  rabbit  ryanodine  receptor  W  e  used  ihe  eDN  .\ 
clone  of  pRR616  for  cloning  genomic  fragments.  More  than  three  genomic  clones 
were  obtained  from  genomic  libraries,  which  were  constructed  with  si/ed  Iragineiits 
and  plasmid  vectors  (data  not  shown).  Sequence  results  of  deduced  amino  acids  show 
that  there  was  no  sequence  homology  with  the  ryanodine  receptor  One  clone  w  .ts 
exactly  the  gene  of  collagen  VVe  stopped  to  clone  genomic  tragmentc  Ihe  correct 
genomic  Iragment  of  ryr-/  le  (LcoRI-2  I  kb)  was  stained  w  ith  rabbit  cDN,\  probe 
but  was  weak  Gross-re.icti  .i  v  with  the  rabbit  cU>ne  might  be  caused  by  some  repeated 
sequence  or  the  sequence  encoding  coiled-coil  structure  in  transmembrane  region 


cDNA  Cloning  and  Scifucnctng 

cDNA  library  ot  the  nematode  was  screened  vs  iih  a  pRK6 1  n  clone  ol  ralibit  c  I)\A 
of  RN'R  as  a  probe  Four  clones  w  ere  obtained  and  had  the  same  origin  .is  ihe  ii.iiisc  npt 
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The  longest  clone,  pCERR-1 ,  having  a  1 .9  kb  insert,  was  sequenced  and  encoded  the 
one  open  reading  frame,  which  had  43%  amino  acid  homology  to  the  Oterminal 
part  of  rabbit  ryanodine  receptor,  although  the  insert  had  reversed  orientation  in  the 
vector.  Correct  molecular  mass  of  protein  was  produced  in  E.  coll  after  being  processed 
by  exon  fusion  of  a  cDNA  fragment.*  Fusion  protein  with  3-galactosidise  could  be 
used  for  antibody  preparation  followed  by  cytohistochemistry. 


Conserved  Transmembrane  Domain  of  the  Ryanodine  Receptor 

The  amino  acid  residues  of  putative  transmembrane  segments  of  CERYR  had 
45.5%,  41.6%,  39.4%,  65%,  75%,  and  75%  identical  to  the  rabbit  RYR  protein  in 
M5'M9  and  MlO  domains,  respectively.  It  was  noted  that  the  C.  elegant  rvanodine 
receptor  (CERYR)  was  similar  to  the  cardiac  type  of  RYR  in  mammals  (T.sbi.e  1) 
Although  the  C-terminal  end  of  CERYR  molecule  had  one  additional  amino  acid 
residue,  high  homology  of  this  region  might  be  derived  from  the  functional  importance 
for  channel  formation.  Kim  et  al.''  have  demonstrated  with  a  biochemical  approach 
that  the  CERYR  protein  has  a  functional  homology  to  those  in  mammals  Our  result 
was  consistent  with  this  observation 


Genome  Mapping  and  the  Number  of  the  Ryanodine  Receptor  Gene 

Fhe  gene  ryr-t  position  of  CERYR  was  determined  bv  screening  a  veast  aniticial 
chromosome  (Y AC)  filter  covering  almost  all  of  the  genome"  with  a  cDNA  fragment 
as  probe  (Alan  Coulson).  Two  clones  of  Y44A7  and  Y37G2  on  the  central  of  the 
chromosome  V  were  found  at  the  position  of  ryr-l  gene.  The  position  was  close  to 
the  position  of  the  cDNA  clone  cm  16c2.  which  had  signals  in  the  Y.\C,  clones.  ^'44.•\7. 
Y37G2,  and  Y57E12  on  the  chromosome  \’  (Ed  Marvon  et  al  and  ,\lan  Cioulson. 
personal  communication.s).  We  concluded  that  the  both  cDNA  clones  came  from  the 
single  gene,  ryr-l . 


Table  1.  Comparison  of  Putative  TM  Segments  of  CER't’R  with  Rabbit 
RYR  Proteins 
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T  he  difference  of  cross-reactivity  of  both  cDNA  clones  came  from  the  position  of 
genome  location  That  means  Y57EI2  locates  upstream  of  ryr-I  gene  1  he  genome 
sequence  result  confirmed  that  cml6c2  encoded  the  region  of  3,250-T70()  and 
pCERR-1  encoded  the  C-terminal  end  (Fig.  1), 

Southern  analysis  shows  that  only  one  band,  EcoRl-2. )  kb  (HindJII-5  I  kb)  cross- 
reacted  with  a  cDNA  clone,  pC'.ERR-l.  A  fragment  (>10  kb)  was  cross-reacted  with 
cDN,A  clone  pCERR-1  on  Northern  analysis.  These  results  taken  together  indicate 
that  C.  elegans  had  onlv  one  ryr-l  gene.  Unfonunatelv  we  could  not  find  anv  mutant 
worm  at  that  map  region.  Recent  progress  of  microinjection  techniques  in  C  elegans'  ^ 
can  express  a  gene  in  the  animal  although  insened  DN.A  was  extrachromosomaJ 
Processed  DNA  could  be  used  for  monitoring  how  the  ryr-l  gene  affected  de\  elopment 
of  the  animal. 


Genome  Organi/arion  of  the  ryr-l  Gene 

We  finally  located  the  ryr-l  gene  on  one  cosm id  clone.  M()4(!  1  1 .  and  are  sequencing 
the  genome  fragments  from  this  cosmid.  (iurrent  data  are  show  n  in  Fioi  Rt  I  Cioding 
efficiency  (exon/total  length)  was  about  63%  (9. .5  kb/ 17  kh)  I  wciitv-nine  exons, 
corresponding  to  amino  acid  residues  of  1 .878-4,969,  were  separated  into  mans  small 
sized  introns,  46-100  bp,  and  a  few  longer  introns  were  obsersed  in  other  genes  of 
the  nematode.  Ehe  3'-noncoding  region  of  the  gene  was  onK  3  50  bp  I'his  means 
the  transcript  might  be  translated  without  complex  regulations  Ehe  open  reading 
frame  oi  odc-l  gene  (ornithine  decarboxylase,  by  P  Goffino)  w  as  found  at  1.7  30  bp 
down  stream  of  the  ryr-l  gene.  It  was  noted  that  CERYR  had  about  42  T  identical 
to  the  mammal  RYR  even  in  the  foot  structure  Fhis  result  indicates  that  R\  R  could 
be  common  in  animals  from  invertebrate  to  mammals.  We  are  still  working  tm  cloning 
another  calcium  channel,  the  dihvdropyridine  receptor  gene,  w  ith  a  similar  procetlure 
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Note  added  in  proof  One  sm.Jl  exon  w.is  found  in  the  1'  end  ot  l.irgc  nitron 
beside  the  .W  domain  in  Fic.  1  by  a  recent  experiment  with  R  1 -P(  R  (reierH  trail 
scriptase-pol\ nierase  chain  reaction)  melliod 
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Effects  of 

9-methyl-7-bromoeudistomin  D 
(MBED),  a  Powerful  + 
Releaser,  on  Smooth  Muscles  of 
the  Guinea  Pig 
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MBED  is  a  derivative  ofeudistomin  D.  a  natural  marine  produet  that  releases  ('.a  ' 
from  sarcoplasmie  reticulum  (SR)  in  skinned  skelet;il  muscle  fiber  in  a  manner  similar 
to  caffeine  but  100  times  more  effeetivelv  (ED„,  =  10  pM)  '  '  Efleets  of  .WBEI)  on 
smooth  muscle  were  brst  examined  in  the  present  studv,  using  skinned  strips  of  the  ilcvd 
longitudinal  layer  and  mesenteric  arterv,  and  single  smooth  muscle  cells  en/s  maticalK 
isolated  from  ileal  longitudinal  muscle  layers  and  whole  urinars  bladder  of  the  guinea 
P'g 

When  I  -500  |aM  MBED  was  applied  to  skinned  smooth  muscle  strips  after  storage 
sites  were  filled  with  Cia' ' ,  no  contractile  response  was  ohsers  ed  (Eic..  I )  Subsequent 
addition  of  50  mM  caffeine  elicited  a  large  Cia' ’  release  as  assessed  b\  the  contractile 
response,  which  was  not  affected  significantly  hv  the  pretreatment  with  l-UHl  pM 
MBED.  A  contraction  induced  by  a  solution  i>(  p(ia  6  5  svas  not  affected  sigmificantlv 
by  addition  of  100  pM  MBED  Application  of  50  in.M  caffeine  to  intact  strips  elicited 
a  contraction,  whereas  that  of  1-500  pM  MBED  did  not  It  has  been  reported  that 
cyclic  AMP  phosphodiesterase  activitv  is  not  affected  bv  100  p.M  ,MBED 

When  sing!-  smooth  muscle  cells  were  depolari/ed  from  a  holding  potenti.il  of 
-  60  to  0  m\'  under  whole-cell  clamp,  an  initial  inward  (ia’ '  current  and  a  subsequent 
outward  current  vs  ere  recorded  ‘  An  earlv  large  transient  component  of  the  outward 
current  is  niainlv  (  a  '  -  '  pendent  K  current  (Iki  .)  through  K  channels  that  have 
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A  ileum 


R2G  6.3  R2G  R0.1G 


B  mesenteric  artery 


30mM  caffeine 

_ _ 30QiJM  MBED 

R2G  6.3  R2G  R0.1G 


FIGURE  I .  Effects  of  .U)  mM  caffeine  and  100  or  300  flM  .\lBEiD  on  nuiscic  tension  of  an  ilcitl 
longitudinal  strip  (A)  and  a  mesenteric  arterial  strip  (B)  skinned  bv  (i-escin  Bathing  solutions  uere 
shown  below  the  line  at  the  bottom  R2(i  and  R.O  IG  indicate  rela.ving  solutions  containing  2  and 
0.1  mM  EGTA.  respectivclv  I  he  solution  "6..!“  was  prepared  adjusting  pGa  to  6  i  with  ^  m.M 
EG  FA  and  corresponding  Ca’ ' .  and  was  used  for  Ga’  ‘  -loading  of  intracellular  storage  sites  Muscle 
tension  was  developed  in  the  "6  !”  solution  Application  of  100  or  300  pM  .MBED  did  not  change 
muscle  tension  in  RO.  IG  Subsequent  addition  of  30  itiM  caffeine  in  RO  Kj  induced  a  large  transient 
contraction,  indicatina  Ca' '  release  from  storage  sites 


a  large  conductance  (BK  channels)  The  activation  of  k  t  j  is  mediated  hv  Ca' '  rdea.se 
from  storage  sites  via  Ca’* -induced  Ca*  * -rclca.se.  which  is  triggered  hv  Ca’* -influx 
through  voltage-dependent  Ca’*  channels,  and  therefore  is  markedly  reduced  hv  rya¬ 
nodine  or  cyclopiazonic  acid.'  Application  of  30  |iM  MBED  almost  aholished  Iki  ., 
(Fig.  2)  in  a  manner  similar  to  10  mM  cafTeine.  Transient  enhancement  of  Iki.,  |ust 
after  the  application  of  30  pM  MBED  was  occasionallv  observed  hut  not  in  Ena  rf 
2.  The  reduction  of  Ikc  j  occurred  in  an  all-or-none  manner  after  the  application  of 
MBED  in  a  concentration  range  of  1 0  and  30  pM.  The  effect  was  completely  reversihle 
Spontaneous  transient  outward  currents  (STOCs),''  which  may  he  elicited  hv  spontane¬ 
ous  Ca^*  release  from  local  SR,  were  transiently  enhanced  and  thereafter  suppressed 
hy  application  of  30  pM  MBE)D  in  all  cells  examined  (Fig.  2,  C,  n  =  3)  Actix  ities 
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a  control  b  30^M  MBED  C  washout 
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FIGURE  2.  .CIS  of  30  pM  MBED  on  membrane  currents  in  single  smooth  muscle  cells  isolated 
from  urinary  bladder  of  the  guinea  pig  under  whole-cell  voltage  clamp  (A)  Cells  were  depolarized 
from  -60  to  0  mV  for  150  msec  once  every  15  sec.  Open  and  closed  symbols  indicate  amplitude 
of  peak  outward  currents  in  the  absence  and  presence  of  50  pM  MBED,  respectively,  and  arc  plotted 
against  time  I'races  shown  in  “Ba,  b  and  c"  were  recorded  at  the  time  indicated  correspondmgK  in 
A.  Note  that  the  initial  transient  component  of  the  outward  current  wa.s  markedK  reduced  b\ 
application  of  MBED  and  completely  recovered  after  washout  of  MBED  (O  Spontaneous  transient 
outward  currents  (STOCs)  were  recorded  at  holding  potential  of  -  40  mV  SI  OCs  were  transientU 
enhanced  by  application  of  30  pM  MBED  and  suppressed  thereafter 


of  BK  channels  recorded  under  outside-out  patch  clamp  were  not  affected  by  30  |iM 
MBED.  Voltage-dependent  Ca^*  andK*  currents  were  not  affected  by  30|iMMBED 
These  results  suggest  that  MBED  effectively  releases  Ca’  ‘  from  intracellular  storage 
sites  available  for  the  activation  of  BK  channels  but  not  from  those  for  contractile 
system  in  .smooth  muscles  cells. 


IMAIZUMl  ef  a/,:  MBED 
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Abnormal  Development  of  Cone 
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The  retina  is  an  integral  component  of  the  central  ners  ous  system  It  arises  during 
development  from  the  optic  stalk,  an  embryonic  outgrowth  ot  the  brain,  and  subse- 
quer  'v  invaginates  to  form  the  optic  cup.  The  neural  retina  derned  trom  the  inner 
layer  of  the  cup  is  comprised  of  photoreceptor  cells,  other  interconnecting  neurons, 
and  functionally  integrated  glia.  The  photoreceptor  cells,  which  convert  light  energy 
to  electrical  signals,  arc  of  two  morphological  types,  rods  and  cones;  these  ditler  in 
relative  number,  anatomical  location,  timing  of  appearance  in  the  retina,  and  in  the 
complement  of  specialized  phototransduemg  protein  they  produce.'  However,  both 
rods  and  cones  show  a  polarized  pattern  of  cyto-differentiation  and  at  their  apic.il 
surface  develop  characteristic  inner  and  outer  segments  It  is  suggested  that  retinal  cell 
precursors  become  committed  to  the  development  of  specific  phenotypes  rather  early 
in  embryogenesis.^  Commitment  as  well  as  subsequent  cellular  dirterentiation  and 
maturation  are  thought  to  be  programmed  by  a  hierarchy  of  molecular  ccents  How  ¬ 
ever,  the  precise  nature  of  these  events  and  the  particular  cellular  interactions  ins  oK  ed 
remain  virtually  unknown.  We  have  taken  a  transgenic  approach  to  investigate  cellular 
interdependencies  during  development  by  examining  how  retinal  cell  differentiation 
and  maturation  proceed  when  developing  lod  cells  are  ablated  for  this  purpose, 
transgenic  mice  w'erc  generated  carrying  the  cytotoxic  Diphtheria  toxin  frapnent 
(dt-a)  gene  driven  by  human  opsin  promoter  sequences  (-  1046  to  -i-  ?6)  according 
to  the  methods  in  previous  works. 
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FIGURE  I  (a  and  b)  laght  microg.raphs  o(  normal  aiul  iramucniu  miuc  retina  Lur  tlirou^h  the 
central  region  Arrows  indicate  cone  cells.  C^one  cells  are  cl\arvicten/"ed  fi\  lucenr  large  ruKlci  Nnirul 
close  to  outer  limiting  mem(»rane  (a)  postnaoil  dav  I '  control  mouse  retina  OS  outer  senmeni  (b) 
j>ostnatal  day  1 1  transgenic  mouse  retina  Number  o(  cone  cells  per  tnicron  in  comri.l  and  transgenk 
retinas  are  I  0/ 10  p.m  ami  0  K7/ 10  respectivelv  I  loNA<‘ver  these  numbers  are  \  ariable  ticpending 
on  the  sections  (e  and  d):  Uectron  micrographs  taken  from  the  same  specimen  block  used  in  abosc 
figures,  (e)  postnatal  Jav  1.^  crmtrol  mouse  rerma.  Id)  [w>stnatal  d.i\  )!  transgenu  mousi  ntina 
Arrow  indicates  cone  cell  (n  general,  rod  cells  have  round  electron-dense  nuclei  sm.dler  than  cones 
In  transgenic  mouse  retina,  rod  shows  niikh  <lenser  nucleus  with  im-gular  shape  because  oi  damage 
iiy  expression  ot  toxin  gene  (^>riginal  figure  reduced  i<»  7(^7  ) 
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FIGURE  2.  Electron  micrographs  of  synaptk  terminals  of  photoreceptor  cells  \rro\ss  imlk.itc 
synaptic  rihhons,  a  characteristic  structure  founil  in  the  photoreceptor  s\  napiic  tcrmin.il  Photocr.iphs 
are  not  printed  at  the  same  magnification,  plc.tse  note  the  sc.ile  liar  (a)  1  vpic.tl  rod  svnaptic  tcrmm.tl 
m  1  months  postnat.d  normal  mouse  retina  (h)  Synaptic  terminal  of  the  transgenic  photorccc['ioi 
cell  in  postnaiid  day  15  Numher  o(  synaptic  vesicles  are  reduced  remarkable  with  the  dilation  ol 
the  terminal  (e)  Synaptic  termin.d  of  the  transgenic  photoreceptor  cell  in  postn.it.il  da\  I  1  I  In  l.irce 
synaptic  terminals  vsnh  healthy  cytopla.smic  structure  are  found  freciuei.tU  in  the  ceittr.il  rctin.i  l  liis 
IS  presumed  to  he  cone  synaptic  pedicle.  |udging  from  the  sire  and  location  1  sen  m  postnat.ii  das 
II.  this  synaptic  terminal  retains  many  synaptic  sesicles  and  large  ssnaptic  ribbons,  and  maintains 
good  synaptic  organi/aiion  ssith  secondary  neurons  (Original  figure  reduced  to  'kf  ;  | 
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Mice  expressing  this  construct  showed  progressive  degeneration  ot  rod  photorecep¬ 
tor  cells  commencing  at  hinh,  with  obvious  depletion  ot  such  cells  hv  postnatal  day 
7.  Although  all  rod  photoreceptors  were  lost  between  1  5  days  and  I  months,  a  small 
number  of  photoreceptors  remained,  panicularlv  in  central  region  of  retina,  that  on 
the  basis  of  morphology  and  staining  characteristics  could  be  readily  identified  as  cone 
cells:  these  were  similar  in  number  to  cone  cells  of  the  normal  retina,  but  lacked  outer 
segments.  Namely,  ablation  of  rod  photoreceptor  cells  in  the  transgenic  retina  was 
accompanied  by  failure  of  developing  cone  cells  to  elaborate  outer  segments,  although 
all  other  aspects  of  cone  cell  cyto-difTerentiation  appeared  normal  (Fit.  1)  L’ltrastruc- 
tural  analysis  of  rod  cell  maturation  in  opsin-dt-a  mice  rescaled  that  dt-a  expression 
had  a  more  pronounced  effect  on  outer  segment  formation  than  photoreceptor  synapto- 
genesis.  Whereas  formation  of  outer  segment,  which  normalls’  begins  between  Day 
.5  and  Day  7,  was  completely  inhibited  hy  action  of  the  transgene,  photoreceptor 
synaptogenesis  appeared  to  proceed  normally  until  Das'  9.  after  which  time  s\  naptic 
termini  degenerated  (Fig.  2).  These  findings  presumably  relate  to  both  the  relatise 
tolerance  of  outer  segment  formation  and  synaptogenesis  to  reduced  protein  s\  nthetic 
capacity  as  well  as  the  relatis’c  time  frame  required  for  threshold  level  ot  toxin  to 
accumulate. 

Our  experimental  results  suggest  that  the  1  0  kh  opsin  promoter  segment  contains 
photoreceptor  cell  type  specificity  and  that  cone  cells  require  maturation  of  rod  cells 
to  complete  the  late  stages  of  their  terminal  differentiation 
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INTRODUCTION 

L-Glutamate  acts  as  a  major  excitatory  neurotransmitter  in  the  mammalian  central 
nervous  system.  Glutamatergic  excitatory  neurotransmission  is  thought  to  play  crucial 
roles  in  brain  function  (the  regulation  of  neurotransmitter  release,  memory  and  learn¬ 
ing,  development,  and  synaptogenesis)  as  well  as  in  dysfunaions  (epilepsy,  stroke,  and 
neurodegenerative  disorders).'  These  functionally  diverse  responses  to  L-^utamate  arc 
mediated  by  two  major  classes  of  glutamate  receptor  family;  ionotropic  receptors 
(NMDA  types  and  non-NMDA  types  (GluR))  and  metabotropic  receptors  (mGluR). 
We  prepared  the  polyclonal  antibodies  against  mGluRla  and  GluRl  and  examined 
immunohistochemically  localization  of  both  receptors  in  the  mouse  brain  during  post¬ 
natal  development  and  in  cerebellar  ataxic  mutants. 


MATERIALS  AND  METHODS 

Anti-glutamate  receptor  antibodies  were  prepared  by  using  the  synthetic  peptides 
corresponding  to  the  carboxyl  termini  15  amino  acid  residues  of  rat  mGluRla’  and 
the  carboxyl  termini  14  residues  of  mouse  GluR  1 and  were  purified  to  IgG.  Western 
blot  analysis  was  performed  as  described'’  using  5%  discontinuous  polyacrylamide  gel. 
For  immunohistochemistry,  brains  from  ICR  mice  and  mutant  mice,  fixed  by  perfusion 
with  Bouin’s  solution,  were  used.  Paraffin  sections ( 1 0  nm)  were  sequentially  incubated 
with  either  of  anti-^utamate  receptors  antibodies  for  3  h,  with  goat  biotinylated 
anti-rabbit  IgG  (Vector)  for  2  h,  with  avidin  I>conjugated  HRP  (Vector)  for  I  h,  and 
with  DAB  solution.  The  anti-inositol  1,4,5-trisphosphate  receptor  (IP. R)  monoclonal 
antibodies’''  were  also  used  for  immunostaining. 


554 


RYOeral.:  mGluRlo  and  GluRl  LOCALIZATION 


555 


RESULTS  AND  DISCUSSION 

Western  Blot  Analysis 

Western  blot  analysis  showed  both  receptor  proteins  are  glycosylated  predominantly 
in  an  asparagine-linked  manner  and  are  enriched  in  cerebellar  postsynaptic  membrane. 

Iwmunohistochemistry 

Localization  of  mGluRla  and  GluRl  in  the  adult  mouse  brain  (Fig.  1).  In  adult 
brain ,  most  prominent  expression  of  mGluR  1  a  was  observed  in  ^omerulus  of  olfactory 
bulb,  thalamus,  and  molecular  layer  of  cerebellum,  and  intermediate  expression  was 
observed  in  hippocampus.  Whereas  GluRl  expression  was  prominent  in  ^omerulus 
of  olfactory  bulb,  lateral  septal  nucleus,  induseus  griseum,  hippocampus,  dentate  gv'rus, 
and  molecular  layer  of  cerebellum.  In  cerebellum,  mGluR  1  a  was  intensively  expressed 
in  Purkinje  neurons,  while  GluRl  was  in  Bcrgmann  glia)  cells  and  probably  in  Purkinjc 
cell  dendrites. 

Within  the  first  three  postnatal  weeks,  mGluR  la  and  GluRl  expression  wee 
drastically  changed  in  time  and  space  namely  in  hippocampus  and  cerebellum.  These 
spatiotemporal  expression  patterns  appear  to  be  correlated  with  the  postnatal  ontogen¬ 
esis  and  the  establishment  of  glutamatergic  neurotransmission  system  in  hippocampus 
and  cerebellum:  cell  migration,  dendritic  and  axonal  growth,  spine  formation,  and 
synaptogenesis. 

mGluRla  and  GluRl  are  fairly  expressed  in  weaver  mutant  cerebellum  even  suffer¬ 
ing  from  degeneration  of  granule  cells.  However,  the  intrinsic  expression  levels  of 


mGluRl  GluRl  InsP'Rl 


FIGURE  1.  Distribution  of  mGluRla  and  GluRl  throughout  adult  mouse  brain  (6  month  old) 
Horizontal  brain  sections  immunorcacted  with  MI  (1^),  W  (middle),  and  anti-IPiRl  (ryffct)  antibodies 
Bar  =  5  mm  (Original  figure  reduced  to  65%  ) 
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FIGURE  2.  mGluRla  and  GluRl  expression  in  cerebellar  molecular  layers  of  cerebellar  ataxic 
mutant  mice.  Sagittal  sections  of  weaver  (wv.  I  month  old)  (upper).  Purkinje-eelt-degefieratton  (pcd.  .f 
month  old)  (middle),  and  wild-type  mouse  (lower)  immunostained  with  Ml  (ngbt).  A)  (middle),  and 
anti-IpiRl  (left)  antibodies.  PC,  Purkinje  cell  body;  B,  Bergmann  glial  cell  body;  C>o,  Golgi  cell  body 
Bar  =  0.1  mm.  (Original  figure  reduced  to  80%  ) 

GluRl  as  well  as  mGluRla  are  remarkably  reduced  in  cerebellums  of  Purkin)e  cell- 
deficient  mutant  mice,  Purkinje-cell  degeneration,  suggesting  that  GluRl  expression  in 
Bergmann  glial  cells  may  depend  upon  the  sustained  interaction  with  adjacent  Purkinje 
neurons. 
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INTRODUCTION 

In  the  visual  system  of  venebrates,  light  reduces  the  release  of  glutamate  from 
photoreceptor  cells,  resulting  in  depolarization  of  ON-bipolar  cells  by  opening  of  cation 
channels  on  the  plasma  membrane  of  the  cells.'  It  has  been  reported  that  cGMP  is 
the  second  messenger  mediating  the  action  of  glutamate  on  ON-bipolar  cells  and  that 
the  receptor  sends  signals  to  an  effector  via  a  GTP-binding  protein  (G-protein).’"* 
However,  the  property  of  the  G-protein  that  couples  to  the  glutamate  receptor  still 
remains  unknown. 

We  investigated  the  effects  of  glutamate  ligands  on  ADP-ribosylation  of  G-protcins 
catalyzed  by  bacterial  toxins  with  membranes  from  bovine  retina.  Since  transducin, 
a  G-protein  sensitive  to  both  pertussis  toxin  and  cholera  toxin,  is  located  in  rod  outer 
segments  (ROS),  the  membranes  were  prepared  through  sucrose-flotation  method  to 
deplete  ROS.  The  membranes  were  incubated  with  pertussis  toxin  or  cholera  toxin 
in  the  presence  of  (”P]NAD.  Then  the  reaction  mixtures  were  subjected  to  SDS-PAGE, 
followed  by  autoradiographic  detection  of  labeled  proteins.  Pertussis  toxin  selectively 
ADP-ribosylated  39-40  kD  proteinfs)  on  ROS-depleted  membranes  (Fig.  1).  Cholera 
toxin  catalyzed  ADP-ribosylation  of  45  and  52  kD  polypeptides,  probably  a-subunits 
of  G„  but  not  the  39-40  kD  subunit.  Cholera  toxin  clearly  ADP-ribosylated  39  kD 
transducin  a-subunit  in  ROS,  thus  contamination  of  transducin  in  the  membrane 
preparation  seems  considerably  low,  and  it  is  plausible  that  the  a-subunit(s)  that  is/ 
are  ADP-ribosylated  by  pertussis  toxin  is/are  different  subtype(s),  possibly  o„  and/ 
or  u,.  2-Amino-4-phosphonobutyric  acid  (APB),  a  glutamate  analogue  .selective  for 
the  receptor  on  the  ON-bipolar  cel!,’  reduced  in  part  the  ADP-ribosylation  by  pertussis 
toxin  at  the  concentration  of  I  mM  in  the  presence  of  and  guanosinc  5'-(3y- 
imido)triphosphatc  (Gpp(NH)p).  The  results  imply  that  the  APB  receptor  couples  to 
and  activates  the  pertussis  toxin  substrate. 
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FIGURE  1.  ADP-ribosylation  of  ROS-deplctcd  bovint  retinal  membranes  and  ROS  by  pertussis 
or  cholera  toxin.  Membrane  preparations  (RDM  ROS-dcplcted  membranes,  ROS:  rod  outer  segment 
disk  membranes;  1  mg  protein/ml)  were  incubated  at  JO°C  for  !0  min  with  either  pertussis  toxin 
(PTX;  pg/ml)  or  cholera  toxin  (CTX;  200  pg/ml).  which  was  activated  prior  to  incubation."  in 
a  buffer  containing  2  pM  (’‘P|NAD  and  1  mM  NADP  under  conditions  show  n  below  The  reaction 
was  terminated  by  addition  of  equal  volume  of  sample  buffer  and  subjected  to  SDS-PAGE  on  lOVt 
gel  followed  by  autoradiography  Conditions;  N:  no  additives,  A  1  mM  APB,  D  dark.  1.  light 


We  next  examined  whether  GTPyS-binding  to  the  membranes,  an  activation  step 
of  G-proteins,  is  affected  by  gjutamate  ligands.  The  membranes  incubated  in  the 
presence  or  absence  of  glutamate  ligands  in  a  buffer  containing  1  pM  (’'SJGTPyS. 
The  radioactivity  bound  to  the  membranes  was  measured  after  bound/free  separation 
by  filtration.  GTPyS  bound  to  the  membranes  in  a  time-dependent  manner  and  binding 
reached  apparent  saturation.  APB  at  1  mM  concentration  accelerated  the  time  course 
of  GTPyS-binding.  APB  ( 1  mM)  enhanced  GT'P-yS-binding  to  the  membrane.s  about 
30%  at  1 5  min  (Fig.  2).  Furthermore,  glutamate  analogues,  which  are  effective  on 
cellular  respon.scs  of  the  ON-bipolar  cell,  ibotenic  acid  and  2-phosphono-.3-valeric  acid, 
increa.sed  GTPyS-binding  at  I  mM  (Fig.  2).  While  native  L-glutamic  acid  did  not 
have  any  effect  on  GTPyS-binding  at  1  mM,  it  enhanced  GTPyS-binding  to  the 
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FIGURE  2.  Etfeas  of  various  glutamate  ligands  on  GTPyS-binding  to  ROS-depIcied  membranes 
Membrane  preparation  (0  5  mg  total  protein/ml)  was  incubated  at  IC’C.  in  the  presence  or  absence 
of  various  ^utamate  ligands  (I  mM)  in  a  buffer  containing  1  pM  |''SlGrP7S.  10  pM  (iDP,  and 
100  pM  adenosine  5'-((3Y-imido)triphosphatc  (App(NH)p)  After  12  min,  the  mixtures  were  diluted 
with  10  volumes  of  an  ice-cold  Tris  buffer  (20  mM.  pH  8.0)  containing  2  5  mM  .Mgt,'l:  and  100 
mM  NaCl  The  diluted  mixtures  were  immediately  filtered  through  glass  filters  (GF/B.  Whatman), 
and  the  filters,  after  being  washed  three  times  with  the  same  buffer,  were  counted  for  "S 

membranes  at  a  higher  concentration  (10  mM)  (data  not  shown).  It  has  been  reported 
that  APB  is  more  potent  ligand  than  native  i,-^utamate  for  the  ON-bipolar  cell  '  Otir 
results  suggest  that  the  glutamate  receptor,  which  is  linked  to  Ci-protcin,  is  present 
on  bovine  retinal  membranes,  probably  on  the  ON-bipolar  cell,  and  that  the  Ci-protein 
coupled  with  the  receptor  is  pertussis  toxin-sensitive  but  not  cholera  toxin-sensitive 
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